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1. De stabiele kern van flavodoxine bevindt zich in het eindstandige gedeelte van het 
eiwit; de plaats van de stabiele kern is echter niet geconserveerd in alle eiwitten 
met de flavodoxine-achtige topologie. 
Dit proefschrift 
De observatie van Genzor et al. dat de kristalstructuur van apoflavodoxine een 
rigide, dichtgevouwen FMN-bindend gebied heeft komt niet overeen met de 
situatie in oplossing waarbij dit gebied juist flexibel is. 
Genzor CG, Perales-Alcon A, Sancho J, Romero A. 1996. Nature Struct Biol 3: 329-332. 
van Mierlo CPM, Steensma E, van Dongen WMAM, van Berkel WJH. 1997. in: Flavins and 
flavoproteins 1996. Calgary: University of Calgary Press, pp 440-452. 
Dit proefschrift 
Onder evenwichtsomstandigheden ontvouwt apoflavodoxine uit Azotobacter 
vinelandii via een relatief stabiele vouwingsintermediair. 
van Mierlo CPM, van Dongen WMAM, Vergeldt FJ, van Berkel WJH, Steensma E. submitted to 
Protein Sci. 
Dit proefschrift 
4. De lagere beoordeling van onder andere de intelligentie en betrouwbaarheid van 
dialectsprekers ten opzichte van deze persoonlijkheidskenmerken van 
standaardtaalsprekers, zoals geobserveerd door Van Reydt, leidt tot een afname 
van het gebruik van dialecten. 
van Reydt AEML. 1997. Proefschrift "Dialect en onderwijs in Emmen". Katholieke Universiteit 
Nijmegen. 
5. Hoewel de wetenschappelijke staf op universiteiten bestaat uit universitair 
(hoofd)docenten (en niet uit universitair (hoofd)onderzoekers), wordt het 
wetenschappelijk onderwijs ondergewaardeerd ten opzichte van het 
wetenschappelijk onderzoek. 
6. De naam "imaginair getal" verhoogt niet de geloofwaardigheid van het bestaan 
van zo'n getal. 
7. Het excessieve drankgebruik van Zweden is voor nuchtere Nederlanders maar 
moeilijk te bevatten. 
8. Gezien het toenemend aantal vertragingen van NS-treinen zal de uitdrukking "het 
loopt als een trein" spoedig van betekenis veranderen. 
9. Reizen verbreedt de horizon maar forenzen versmalt hem. 
Stellingen behorend bij het proefschrift van Elles Steensma 
"Structure, stability and equilibrium (un)folding of flavodoxin" 
Wageningen, 8 mei 1998 
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1 Introduction 
1.1 Protein folding 
Proteins are involved in virtually all processes which occur in a living organism, such 
as e.g. growth, transport of nutrients, catalysis of chemical reactions, signal transduction 
and expression of genetic information. Each protein has its specific function(s) and an 
incredible number of different proteins participate in all these biological processes. The 
major interest in biochemistry is to understand the molecular basis of these processes, in 
other words: to understand how and why proteins function. The complex versatility of 
proteins resembles in a way that of human beings and makes it very interesting to study 
these molecules. 
Proteins are generally built of 20 amino acids and can have different lenghts and 
amino acid sequences (Creighton, 1993). The linear protein chains adopt specific three-
dimensional structures upon which the functional properties of the proteins depend 
(Branden and Tooze, 1991). Anfinsen (1973) and co-workers were the first to show that 
proteins can fold reversibly to their native three-dimensional state. Although some 
proteins cannot fold to their native conformation without the assistence of other 
proteins, named chaperones (Martin and Hartl, 1997), many proteins can fold 
unassistedly and reversibly. For the latter proteins, it implies that the three-dimensional 
structure of a native protein is determined by the amino acid sequence alone and that the 
stable native conformation is the thermodynamically most favourable state under 
physiological conditions. 
Depending on the chemical nature of the side chain, the 20 different amino acids can 
be divided in hydrophobic, charged and polar residues. The interior of proteins consists 
mainly of hydrophobic residues, whereas the surface of proteins is usually hydrophilic. 
The three-dimensional structures of proteins consist of secondary structure elements 
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which are connected by loop regions of various lengths and shapes. The two major 
secondary structure elements in proteins are a-helices and p-strands. Both elements 
feature regular patterns of hydrogen bonds between backbone atoms of the amino acid 
residues involved (Branden and Tooze, 1991). The stability of the folded protein 
conformation is a delicate balance between many different interactions within the 
protein itself and with the solvent: e.g. hydrogen bonds, van der Waals interactions, 
electrostatic (charge-charge) interactions, hydrophobic interactions and conformational 
entropy of the protein. 
Folding of proteins into their native conformation may occur within seconds to 
minutes. With an average of e.g. 5 possible conformations per amino acid, a protein of 
200 amino acids can in principle adopt 5200 possible conformations. Levinthal (1968) 
argued that this number of possible conformations is by far too large to assume that 
protein folding solely takes place via a random search (Fig. 2A) and he concluded that 
proteins fold via specific sequential folding pathways (Fig. 2B). The paradox of 
Anfinsen's thermodynamic view and Levinthal's kinetic view was called the protein 
folding problem (Fig. 1). 
®CE^%CE)#%^®2) 
amino acid sequence three-dimensional structure 
Fig. 1. The protein folding problem 
The protein folding problem can be captured by a few related questions (Creighton, 
1992; 1994): 
- What is the physical basis of the stability of the folded protein conformation? 
- What processes or pathways determine which of the many possible conformations is 
the native folded conformation adopted by the protein? 
- What are the rules governing the relation between the amino acid sequence and three-
dimensional structure of a protein? 
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- Can the three-dimensional structure of a protein be predicted from its amino acid 
sequence? 
Solving the protein folding problem is often referred to as one of the main intellectual 
challenges in contemporary molecular biology (Branden and Tooze, 1991; Pain, 1994). 
Besides being of academic interest, knowledge of protein folding is nowadays exploited 
in many practical applications in biotechnology and is thus also of industrial importance 
(Thatcher and Hitchcock, 1994). 
Numerous theoretical as well as experimental studies have gathered a wealth of 
information concerning protein folding. General principles of protein structure, stability 
and folding have been explored in computational simulations (Dill et al., 1995; 
Shakhnovich, 1997), in protein structure predictions from amino acid sequences (Sali et 
al., 1994; Finkelstein, 1997), in mutational studies (Goldenberg, 1992; Matthews, 1993; 
Fersht, 1995) and in equilibrium and kinetic protein folding studies (Garel, 1992; 
Schmid, 1992; Baldwin, 1996; Roder and Colon, 1997). 
Fig. 2. Energy landscapes are used as a metaphor for the protein folding problem (reprinted with 
permission from Dill and Chan, 1997). The energy landscape is the free energy of each conformation as a 
function of the degrees of freedom. The native state N is the thermodynamically most favourable state, 
whereas the denatured states have higher (more unfavourable) free energies. The kinetic process of 
(un)folding a protein can be viewed as rolling a ball on the energy surface. A. Energy landscape 
representing the random search model. B. Energy landscape showing Levinthal's pathway solution. C. 
Energy landscape showing the new "funnel" view of protein folding with kinetic traps, energy barriers and 
fast folding pathways. 
General rules governing protein folding are now beginning to emerge (for reviews, 
see Baldwin, 1995; Miranker and Dobson, 1996; Dill and Chan, 1997; Fersht, 1997; 
Roder and Colon, 1997; Shakhnovich, 1997). The "new view" of protein folding 
replaces the idea of distinct folding intermediates on a specific sequential folding 
pathway (Fig. 2B) with the idea of an ensemble of protein conformations which fold via 
parallel multi-pathway diffusion-like processes (Fig. 2C) (Dill and Chan, 1997). The 
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protein folding problem has thus become even more challenging and there is a strong 
need to characterise the folding behaviour of additional protein systems to obtain a 
better understanding of the fundamental rules describing protein folding. 
1.2 NMR spectroscopy and protein folding 
In the past 10 years, biomolecular nuclear magnetic resonance (NMR) spectroscopy 
has evolved rapidly. Multidimensional NMR experiments using gradients for water 
suppression and/or coherence pathway selection have proven valuable tools to determine 
the solution structure and dynamics of 15N- and/or 15N-/13C-labelled proteins as large as 
20 - 30 kDa (Bax, 1994; James and Oppenheimer, 1994; Gronenborn and Clore, 1995). 
In addition, the newly developed NMR methods are increasingly being used to study the 
structures of non-natives states of proteins such as molten globule states (Ptitsyn, 1992; 
Schulman et al., 1997), protein folding intermediates and entirely denatured states 
(Shortle, 1996). 
The local stability of individual amide protons in the folded protein conformation can 
be determined by NMR spectroscopy using hydrogen/deuterium exchange experiments 
(Linderstr0m-Lang, 1955; Hvidt and Nielsen, 1966; Englander and Kallenbach, 1984). 
The native-state hydrogen exchange behaviour of a protein can also be used to analyse 
its equilibrium unfolded and partially folded states which are only present in minute 
amounts (Bai et al., 1995; Bai and Englander, 1996; Clarke and Fersht, 1996). 
Furthermore, hydrogen exchange pulse labelling methods in combination with NMR 
spectroscopy give detailed information about the kinetics of protein folding (Baldwin 
and Roder, 1991; Englander and Mayne, 1992; Woodward, 1994). Recently, it has even 
become possible to follow protein folding kinetics in atomic detail by using "real time" 
NMR spectroscopy (Balbach et al., 1995; 1996; 1997). 
So far, the folding landscapes (i.e. folding pathways and folding intermediates) of a 
number of proteins have been studied using a wide variety of biophysical methods such 
as absorbance, fluorescence, circular dichroism, mass and NMR spectroscopy (Plaxco 
and Dobson, 1996). Because of the versatility of NMR spectroscopy, as described 
above, it has proven to be particularly valuable to study protein structure, protein 
stability as well as protein folding aspects in great detail. Therefore, NMR spectroscopy 
is the method of choice in the folding research described in this thesis. 
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1.3 Flavodoxins 
Flavodoxins are a group of small flavoproteins which function as low-potential one-
electron carriers and contain a non-covalently bound FMN cofactor (Mayhew and 
Tollin, 1992). The three-dimensional structure of holoflavodoxin consists of a five-
stranded parallel P-sheet (order p2-pi-p3-p4-p5) surrounded by a-helices at either side 
of the sheet (Fig. 3) (Ludwig and Luschinsky, 1992 and references therein; Fukuyama et 
al., 1992; Rao et al., 1992; Hoover et al., 1994; Thorneley et al., 1994; Burkhart et al., 
1995; Pollock et al., 1996; Romero et al., 1996). 
Fig. 3. Two Molscript (Kraulis, 1991) schematic drawings (90° rotated with respect to each other) of 
Azotobacter chroococcum flavodoxin (Thorneley et al., 1994). The cofactor FMN is shown in ball-and-
stick. 
Flavodoxins belong to the class of a/p proteins and thus consist of the two main 
types of secondary structure elements: the oc-helix and the p-sheet (Branden and Tooze, 
1991). The flavodoxin-like fold (Fig. 3) is one of the three- to fourhundred protein folds 
presently known in the a/p class of proteins. In contrast to most protein folds, the 
flavodoxin-like fold is shared by many (i.e. nine) superfamilies (Brenner, 1997). These 
nine superfamilies exhibit little or no sequence homology and comprise a broad area of 
evolutionary unrelated proteins with different functions like catalases, chemotactic 
proteins, cutinases, esterases and flavodoxins (Fig. 4). Studies on these structurally, but 
not sequentially, homologous proteins can be particularly useful to find answers to the 
protein folding problem: e.g. whether the stable nucleus resides in equivalent secondary 
structure elements in structurally homologous proteins and whether the folding 
behaviour of these proteins is similar. 
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Fig. 4. Topology of three proteins with the flavodoxin-like fold which have no sequence homology; a-
helices are represented as circles, {S-strands as triangles and loops as lines. Active sites or binding sites are 
always located at the carboxy termini of the P-strands in the flavodoxin-like topology, as is schematically 
shown here. A. The electron carrier flavodoxin contains a non-covalently bound FMN cofactor (Ludwig 
and Luschinsky, 1992). B. The chemotactic protein Che Y binds a Mg2+ ion and transfers signals via 
phosphorylation (Santoro et al., 1995). C. The lipolytic enzyme cutinase degrades cutin and hydrolyses 
triglycerides (Martinez et al., 1992). 
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Azotobacter vinelandii (strain ATCC 478) flavodoxin II was chosen as our model 
protein to study the protein folding problem. The good NMR characteristics of 
flavodoxins (solubility, relatively narrow linewidths) allow a detailed structural 
characterisation of these proteins (Stockman et al., 1990; van Mierlo et al., 1990a; 
1990b; Clubb et al., 1991; Stockman et al., 1993; Knauf et al., 1996; Peelen et al., 1996; 
Ponstingl and Otting, 1997; Zhang et al., 1997). The NMR techniques mentioned in §1.2 
can thus be used to determine the local stability of native A. vinelandii flavodoxin II in 
the holo- and the apoform (i.e. with and without cofactor, respectively), to determine 
structural and stability characteristics of non-native states of flavodoxin and to 
characterise the energy landscape determining the folding of this particular protein. 
1.4 Outline of this thesis 
This thesis describes biophysical studies on A. vinelandii (strain ATCC 478) 
flavodoxin II (henceforth designated flavodoxin) to determine its structure and stability 
in the holo- and apoform (i.e. with and without cofactor FMN, respectively). Flavodoxin 
(179 residues) was chosen as a model protein to study the protein folding problem (§1.1) 
since it adopts one of the few protein folds which is shared by many sequentially 
unrelated proteins (§1.3). The good NMR characteristics of flavodoxins enable the use 
of NMR spectroscopy to study the structure and local stability and, eventually, the 
folding kinetics of these proteins in great detail (§1.2). 
To prevent intermolecular disulphide bond formation between Cys69 residues during 
NMR and folding studies, Cys69Ala and Cys69Ser mutants of flavodoxin were 
constructed (van Mierlo et al., submitted). Redox properties of wild-type, Cys69Ala and 
Cys69Ser flavodoxin, as determined via direct electrochemistry and EPR-monitored 
titrations, are described in Chapter 2. It was of importance to investigate whether these 
mutations influenced the structure and/or the midpoint potential of flavodoxin because 
the sole cysteine Cys69 is situated in the immediate vicinity of the FMN cofactor. 
In Chapter 3, a new doubly sensitivity-enhanced 3D 'H-15N TOCSY-HSQC 
experiment is presented which is particularly helpful for the assignment of proton side-
chain resonances of relatively large proteins (~ 20 kDa) and/or of nucleic acids. The 
experiment is analysed using the product operator formalism. Furthermore, sensitivity 
enhancements obtained on samples of 15N- and 15N-/13C-labelled holoflavodoxin are 
discussed. 
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Chapter 4 reports the determination of the solution secondary structure of 
holoflavodoxin using multidimensional NMR spectroscopy. The local stability of the 
protein was probed by hydrogen/deuterium exchange experiments. In a holoflavodoxin 
solution, apoflavodoxin is always present in minute amounts because holoflavodoxin 
binds the cofactor FMN non-covalently. Unfortunately, the presence of apoflavodoxin 
complicates the interpretation of the hydrogen/deuterium exchange data since amide 
proton exchange can occur in either the holo- and/or the apoprotein. Therefore, we are 
only able to present the apparent local free energy of the secondary structure of 
holoflavodoxin. The results obtained are discussed with respect to their implications for 
flavodoxin folding and for modulation of the flavin redox potential by the apoprotein. 
The structural characteristics of apoflavodoxin are described in Chapter 5. The 
characterisation of apoflavodoxin is required to compare the inherent structure and 
inherent stability of flavodoxin with those of members of other superfamilies sharing the 
flavodoxin-like fold. The results on the local stability of apoflavodoxin are compared 
with those on two structurally, but not sequentially, homologous proteins: cutinase and 
Che Y (§1.3). Conclusions concerning the position of the stable nucleus in the 
flavodoxin-like topology are drawn. 
Finally, Chapter 6 reflects on the research described in this thesis and combines it 
with equilibrium (un)folding studies on holo- and apoflavodoxin (van Mierlo et al., 
submitted; in prep.). A detailed picture for the equilibrium (un)folding of flavodoxin is 
thus obtained. Implications for the kinetics of flavodoxin folding are discussed. 
The thesis is concluded by a summary in English and in Dutch. 
2 Redox properties of wild-type, C69A and C69S flavodoxin 
The detailed electrochemistry and complete EPR-monitored titrations of flavodoxin II 
of Azotobacter vinelandii (ATCC 478) are reported. Since wild-type flavodoxin 
dimerises via intermolecular disulphide bond formation between Cys69 residues, Cys69 
has been replaced by both an alanine and a serine residue. Redox properties of the 
C69A and C69S flavodoxin mutants were compared to those of wild-type flavodoxin. In 
the presence of the promotor neomycin, C69A and C69S flavodoxin showed a reversible 
response of the semiquinone/hydroquinone couple at the glassy carbon electrode. 
However, the addition of dithiothreitol proved to be necessary for the stabilisation of the 
wild-type flavodoxin response. EPR-monitored redox titrations of wild-type and C69A 
flavodoxin at high and low pH confirmed the redox potentials measured using cyclic 
voltammetry. The pH dependence of the semiquinone/hydroquinone redox potentials 
cannot be described using a model assuming one redox-linked pK. Instead, the presence 
of at least two redox-linked protonation sites is suggested: pKre(n = 5.39 ±0.08, pK0X = 
7.29 ± 0.14 andpKred2 = 7.84 ± 0.14, with Emj = -459 ±4 mVand a constant redox 
potential at high pH of -485 ±4 mV. The dependence of the semiquinone/hydroquinone 
redox potential on temperature is -0.5 ±0.1 mV.K'1, yielding AH° = 28.6 ± 1.5 kJ.mol'1 
and AS° = -50.0 ± 6.2 J.mol'KK'1. No significant differences in redox properties of wild-
type, C69A and C69S flavodoxin were observed. The electrochemical data suggest that 
replacement ofCys69 in the vicinity of the FMN by either an alanine or a serine residue 
does not alter the dielectric properties and structure of A. vinelandii holoflavodoxin II. 
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Flavodoxins are able to function as electron carriers between redox proteins because 
they contain a non-covalently bound FMN molecule (Fig. 1) (Mayhew and Tollin, 
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Fig. 1. Structure of FMN. 
1992). The FMN molecule can exist in three redox states: oxidised flavoquinone, one-
electron reduced flavosemiquinone and two-electron reduced flavohydroquinone. 
Reported midpoint potentials for the quinone/semiquinone couple (£2) and the 
semiquinone/hydroquinone couple (Ej) of free FMN at pH 7 are £ 2 = -238 mV and Ej = 
-172 mV (Draper and Ingraham, 1968) and E2 = -314 mV and Ex = -124 mV (Anderson, 
1983). Due to the rapid disproportionation of the semiquinone state, free FMN in 
solution cycles between the completely oxidised and the two-electron reduced state 
(Miiller, 1981). The binding of FMN to apoflavodoxins considerably increases the 
stability of the semiquinone state and alters the redox potentials £ 2 and E\: the midpoint 
potential for the quinone/semiquinone couple (£2) is increased, whereas the midpoint 
potential for the semiquinone/hydroquinone couple (E{) is decreased. In most low-
potential oxidation-reduction reactions, FMN in flavodoxins only cycles between the 
semiquinone and the hydroquinone state (Mayhew and Tollin, 1992). 
In this Chapter, we report on the electrochemical characterisation of holoflavodoxin 
II from Azotobacter vinelandii (strain ATCC 478) expressed in Escherichia coli. The A. 
vinelandii flavodoxin II (molecular mass 20 kDa) consists of 179 amino acid residues 
and belongs to the class of long-chain flavodoxins (Tanaka et al., 1977; Taylor et al., 
1990). In N2-fixing cells, flavodoxin II is present in a tenfold higher concentration than 
in cells grown on ammonium acetate (Klugkist et al., 1986). 31p-NMR Experiments 
have shown that flavodoxin II from A. vinelandii (strain ATCC 478) only contains the 
phosphate of bound FMN (Klugkist et al„ 1986), in contrast to flavodoxin from A. 
vinelandii (strain OP, Berkeley), which also contains a covalently attached phosphate 
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(Edmondson and James, 1979; Boylan and Edmondson, 1990). In vitro experiments 
have shown that Azotobacter flavodoxins can function as electron donors to nitrogenase 
(Yates, 1972; Scherings et al., 1977). This finding has been confirmed for the 
recombinant A. vinelandii flavodoxin II (Spee, JH, personal communication). 
Flavodoxins of various Azotobacter strains have been reported to have the lowest £j 
midpoint potential found within the flavodoxin family, with £j values in the range -458 
mV to -524 mV at pH 8. Most of the reported redox potentials for Azotobacter 
flavodoxins have been determined for flavodoxins from A. vinelandii OP strains 
containing a covalently bound phosphate (Barman and Tollin, 1972; Yoch, 1972; Watt, 
1979) and for flavodoxin from Azotobacter chroococcum (Deistung and Thorneley, 
1986; Barker et al., 1988; Bagby et al., 1991). Klugkist et al. (1986) determined the 
semiquinone/hydroquinone midpoint potential of A. vinelandii flavodoxin II (ATCC 
478) with optical spectroscopy in the presence of hydrogen/hydrogenase. However, the 
hydrogen midpoint potential is more positive than the detected flavodoxin redox 
potential (-520 mV at pH 9), which implies that even at high pH only a small fraction of 
the flavodoxin sample was reduced. Therefore, the reported redox potentials are 
probably not accurate. The only other redox potential determined for an A. vinelandii 
dephosphoflavodoxin was reported by Taylor et al. (1990) who, by spectrocoulometric 
titration, measured a potential of -458 mV (pH 8) for recombinant A. vinelandii 
flavodoxin (strain OP, Berkeley) expressed in E. coli. 
It has been observed that dimerisation of wild-type A. vinelandii flavodoxin occurs 
both at room temperature and during storage at -20 °C resulting in dimers that lack 
biological activity (Yoch, 1975; Tollin and Edmondson, 1980). Using site-directed 
mutagenesis, we recently obtained proof that dimerisation occurs via intermolecular 
disulphide bond formation of the single cysteine residues at postition 69 (van Mierlo, 
CPM, and Steensma, E, unpublished results), as had previously been suggested (Yoch, 
1975; Tanaka et al., 1977). The crystal structure of the highly homologous A. 
chroococcum flavodoxin indicates that Cys69 is positioned at the periphery of the 
protein in the immediate vicinity of the FMN (Thorneley et al., 1993; 1994). Thorneley 
et al. (1992) found that Cys68 in Klebsiella pneumoniae flavodoxin can be post-
translationally modified by attachment of coenzyme A via a mixed disulphide bond. 
This post-translational modification is proposed to be part of a regulatory mechanism 
for electron transfer to nitrogenase. However, such a phenomenon has not been detected 
for A. vinelandii (strain ATCC 478) flavodoxin II nor has it been looked for or reported 
in flavodoxins other than that from K. pneumoniae. 
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Since dimerisation of A. vinelandii flavodoxin II (henceforth designated flavodoxin) 
would seriously hamper studies on the folding and stability of the protein, we decided to 
replace Cys69 by both an alanine and a serine residue. Our goal was to create a 
flavodoxin mutant of which the folding behaviour, stability and redox potentials are as 
similar as possible to wild-type flavodoxin. In this Chapter, we report on the redox 
properties of wild-type, C69A and C69S flavodoxin. The results on the folding and 
stability of wild-type, C69A and C69S flavodoxin will be published elsewhere (van 
Mierlo et al., submitted; in prep.). Since Cys69 is situated in the immediate vicinity of 
FMN, it is of interest to investigate whether this cysteine plays a role in the modification 
of the midpoint potential of the protein. Direct electrochemistry and EPR spectroscopy 
were used to study the redox properties of the flavodoxins in detail. There have been 
reports of direct electrochemistry of flavodoxins of Desulfovibrio vulgaris 
(Hildenborough) (Bianco et al., 1988; Heering and Hagen, 1995), Megasphaera elsdenii 
(van Dijk et al., 1982; Armstrong et al., 1984), K. pneumoniae (Thorneley et al., 1993) 
and A. chroococcum (Barker et al., 1988; Bagby et al., 1991). To our knowledge this is 
the first report of a complete EPR titration of a flavodoxin. 
Results 
Cyclic voltammetry 
Without neomycin, no electrochemical response was observed for wild-type, C69A 
or C69S flavodoxin except for some FMN adsorbed on the electrode (the peak current 
was proportional to the scan rate). In the presence of the cationic aminoglycoside 
neomycin, one additional response around -460 mV versus NHE (at pH 7) was detected 
for both the C69A and C69S flavodoxin mutants. The observation that only the response 
of the semiquinone/hydroquinone couple (E\) of flavodoxin is measured in cyclic 
voltammetry measurements has been addressed in detail by Heering and Hagen (1995). 
In digital simulations they were able to show that a fast comproportionation equilibrium 
of quinone and hydroquinone flavodoxin and a fast reduction of oxidised flavodoxin 
with reduced FMN in combination with a slow quinone/semiquinone flavodoxin redox 
equilibrium at the electrode will result in a cyclic voltammogram that only shows the 
semiquinone/hydroquinone flavodoxin response. During the first few scans, the 
response was reversible, but in subsequent scans the peak-to-peak separation increased. 
An optimum stability was observed for neomycin end concentrations of 3 mM. Wild-
type flavodoxin, however, gave a very unstable and broad response in the presence of 3 
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Fig. 2. Cyclic voltammogram of 75 LiM wild-type flavodoxin in 100 mM Mes, pH 6, in the presence of 3 
mM dithiothreitol and 3 mM neomycin. Cyclic voltammograms were recorded from -300 mV to -900 mV 
versus the SCE using a potential scan rate of 10 mV.s"1. Temperature, 22 ± 1 °C; 
working/reference/counter electrodes: glassy carbon/SCE/Pt. The potential is defined versus NHE. 
mM neomycin. The addition of dithiothreitol (3 mM end concentration) to the wild-type 
flavodoxin solution proved essential to obtain a reversible response (Fig. 2). Under 
optimum conditions, the measured potentials during the first few scans were usually 
reproducible within 5 mV for all three proteins. The peak currents were a linear function 
of the square root of the scan rate up to 50 mV.s-1 and the calculated diffusion 
coefficient for wild-type, C69A and C69S flavodoxins is 7.4 (± 0.9) * 10"7 cm2.s-'. The 
heterogeneous rate constants for electron transfer were determined by plotting the 
kinetic parameter obtained from the peak-to-peak separation versus the reciprocal square 
root of the scan rate (Nicholson, 1965): k° is 2.1 (± 0.7) * 10"3 cm.s"1 for wild-type, 
C69A and C69S flavodoxins. 
The pH dependence of the potentials could accurately be measured at pH 5 - pH 9. 
Below pH 5, the flavodoxin response became unstable and broad, while the FMN signal 
increased with time. This indicates that flavodoxin denatures at low pH. Above pH 9 the 
response also deteriorated, probably due to deprotonation of neomycin and/or slow 
flavodoxin denaturation. No significant differences are observed in the pH dependence 
of E\ between wild-type, C69A and C69S flavodoxins (Fig. 3). At least two pK values 
for the reduced species (i.e. the hydroquinone form, p^red,l and P^red,2) an(* o n e P^ f° r 
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the oxidised species (i.e. the semiquinone form, pKm) were required to fit the observed 
pH dependence (Clark, 1960): 
E0 + 
(R *TIF)* ln{([H+]2 + [H+] * KrecU + Kre(U * Kleda) I ([H+] + Kox)} 
Fig. 3. pH Dependence of the semiquinone/hydroquinone redox potentials £j of wild-type (D), C69A ( • ) 
and C69S (O) flavodoxin. The solid line is a least-squares fit to the data assuming a model with three 
redox-linked pK values: pKTedl = 5.39 ± 0.08, pKm = 7.29 ± 0.14, pK^ 2 = 7.84 ± 0.14. Data points with 
error bars were not included in the fit. Estimated standard deviations for other data points are in the range 
3 - 9 mV. Experimental conditions were as described in Materials and methods. 
Points with error bars shown in Figure 3 were not included in the fit because of the 
unreliability of the observed potential. Estimated standard deviations for all other data 
were in the range 3 - 9 mV. An unweighted %2 fit to the data yields: p^red,i = 5-39 ± 
0.08, pAT0X = 7.29 ± 0.14, pKled2 = 7 - 8 4 ± °-14> EmJ = -459 ± 4 mV and a constant 
reduction potential at high pH of -485 ± 4 mV. A fit of the collected FMN data (not 
shown) with: 
Em = E0 + (R*T/2*F)* ln{([H+]3 + *red * [H+]2) / ([H+] + tfox)} 
yields a pK of 6.41 ± 0.15 for the protonation of reduced FMN and Em -j is -215 ± 4 mV 
when the pK for the oxidised species is fixed at 10.4 (Draper and Ingraham, 1968). Both 
Emj and the pKle^ agree well with previously reported values of -205 mV and 6.7 
(Draper and Ingraham, 1968), -218 mV and 6.5 (Heering and Hagen, 1995) and -219 
mV (Anderson, 1983), respectively. 
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Fig. 4. Temperature dependence of the semiquinone/hydroquinone redox potentials Ex of wild-type (D), 
C69A (•) and C69S (O) flavodoxin at pH 6. The solid line is a least-squares fit using all data. The 
estimated standard deviation for individual data points are in the range 3-9 mV. Experimental conditions 
were as described in Materials and methods. 
The temperature dependence of the flavodoxin midpoint potentials was measured at 
pH 6 because of the more stable electrochemical response under slightly acidic 
conditions. Allowing for the statistical error, no difference was observed in the 
dependence of E\ on temperature (0 - 30 °C) between wild-type flavodoxin and the two 
mutants (Fig. 4). Above 30 °C, the response became too unstable and the peak-to-peak 
separation too large to give reliable potential readings. Below 30 °C, no breakpoint was 
observed. For comparison, in D. vulgaris (Hildenborough) flavodoxin a breakpoint 
occurred at 30 - 35 °C (Heering and Hagen, 1995). Linear regression using data of the 
three proteins yields a slope of -0.5 ± 0.1 mV.K"1. The calculated midpoint potential at 
22 "C and pH 6 is -449 ± 3 mV, AH° = 28.6 ± 1.5 kJ.moH, AS° = -50 ± 6.2 J.moF.K-1 
and the entropy change of the reaction centre is A5rc = .S°red - 5°ox = AS° + AS^F^) / 2 = 
15.2 ± 6.2 J.moF.K-1 (Taniguchi et al., 1980). 
EPR-monitored redox titrations 
The results obtained with cyclic voltammetry were verified by EPR-monitored redox 
titrations of wild-type and C69A flavodoxin at both high and low pH. The EPR signal of 
the flavodoxin semiquinone radical was centred at g=2.004 and had a linewidth of 2.0 
mT characteristic for a neutral flavin semiquinone (Palmer et al., 1971). Using 
dithionite, it was not possible to obtain potentials below approximately -400 mV at pH 6 
and -450 mV at pH 8.5. To obtain data points below these potentials, titanium(III) 
citrate was used as a reducing agent. Although Ti(III) gives pronounced EPR signals 
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around g=2, thus overlapping the flavodoxin semiquinone signal, this was not a problem 
at low concentrations of Ti(III). At higher Ti(III) concentrations, it became difficult to 
quantitate the semiquinone signal. Moreover, upon Ti(III) addition the potential became 
increasingly unstable due to the lack of stabilising low-potential mediators; this 
continued until it was not possible to lower the potential using Ti(III). Presumably, at 
these extremely low potentials hydrogen is formed at the platinum electrode. However, a 
further decrease of the EPR signal of the semiquinone was observed with increasing 
concentrations of titanium(III) citrate. Subsequent reoxidation by air or by titration with 
ferricyanide yielded a recovery (> 80%) of the semiquinone signal at intermediate 
potentials. This is indicative of a gradual and reversible reduction of the flavodoxin 
semiquinone by Ti(III) and dithionite. 
Pi 
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Fig. 5. Mediated redox titration of A. wild-type and B. C69A flavodoxin at pH 6 (solid symbols) and pH 
8.5 (open symbols) monitored by EPR of the semiquinone radical. The Nernst equation for two 
consecutive one-electron reduction steps was fitted to the data and normalised to the fitted maximum. The 
semiquinone radical signal was corrected for dilution and relative intensities are shown. Experimental 
conditions were as described in Materials and methods. 
Data obtained at stable and reliable potentials from clearly interpretable EPR spectra 
have been collected in Figure 5. The Nernst equation for two consecutive one-electron 
redox steps was fitted to the data: 
[Fldsq] / [Fldtotal] = 1/{1+ exp(F * (E - E2) IR * T) + exp(-F * (E - Ex) IR * T)) 
and normalised to the fitted maximum; [Fldsq] and [Fldtotai] represent the semiquinone 
and total flavodoxin concentration, respectively. The resulting midpoint potentials for 
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the first and second reduction step (E^ and E\, respectively) of wild-type and C69A 
flavodoxin at both low and high pH are shown in Table 1. 
Table 1. Redox potentials of wild-type (WT), C69A and C69S flavodoxin. Redox potentials were 
measured by cyclic voltammetry (CV) and by EPR-monitored redox titrations (EPR). £j redox potentials 
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• pH fit (see Fig. 3). 
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The electrochemical behaviour of the C69A and C69S A. vinelandii flavodoxin 
mutants is similar to that observed for other flavodoxins: the presence of the promotor 
neomycin is necessary to obtain a fast and reversible response of the 
semiquinone/hydroquinone couple at the glassy carbon electrode. Starting with the 
oxidised form of either C69A or C69S flavodoxin in our cyclic voltammetry 
experiments, we observe a fully developed response for the semiquinone/hydroquinone 
couple within one scan (at a potential scan rate of 10 - 20 mV.s-1) whereas no response 
for the quinone/semiquinone transition is observed. Prolonged scanning (15 - 20 
minutes) causes the colour of the flavodoxin solution to change from yellow (indicative 
of the presence of the quinone form) to blue (indicative of the presence of the 
semiquinone form). This observation confirms the proposed formation of semiquinone 
flavodoxin by both FMN-mediated electron transfer to fully oxidised flavodoxin and 
comproportionation of one quinone and one hydroquinone flavodoxin to two 
semiquinone flavodoxin molecules (Heering and Hagen, 1995). Our findings show that 
it is not necessary to start with semiquinone flavodoxin, as was suggested by Bagby et 
al. (1991) for A. chroococcum flavodoxin. 
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In addition to neomycin, dithiothreitol is required to obtain a reversible 
semiquinone/hydroquinone response of wild-type A. vinelandii flavodoxin. In the cyclic 
voltammetry experiments, no significant increase of the free FMN response is observed 
for wild-type flavodoxin without the presence of dithiothreitol. Therefore, it can be 
concluded that wild-type flavodoxin does not denature on the carbon surface. 
Dithiothreitol is not electrochemically active at the carbon electrode but specifically 
reacts with disulphide bonds. It probably prevents electrochemically induced 
dimerisation (i.e. oxidation of cysteine residues) of flavodoxin. Presumably, a 
diminished accessibility of FMN in the dimers hampers electron transfer to the 
electrode. This finding is consistent with earlier results that demonstrated that 
flavodoxin dimers lack biological activity (Yoch, 1975). 
We do not observe any significant difference in electrochemical properties between 
wild-type, C69A and C69S flavodoxin. This implies that replacement of Cys69 by either 
an alanine or a serine residue has no measurable influence on the dielectric properties 
and the structure of holoflavodoxin although this residue is situated in the immediate 
vicinity of FMN. The semiquinone/hydroquinone redox potential E\ at pH 8 of -476 ± 5 
mV for recombinant A. vinelandii flavodoxin II (strain ATCC 478) as determined by us 
lies in between the reported midpoint potentials of -515 mV at pH 8 for flavodoxin II 
isolated from A. vinelandii (strain ATCC 478) (Klugkist et al., 1986) and -458 mV at pH 
8 for recombinant dephosphoflavodoxin from A. vinelandii (strain OP, Berkeley) 
expressed in E. coli (Taylor et al., 1990). Since neither flavodoxin II from A. vinelandii 
(strain ATCC 478) nor recombinant A. vinelandii flavodoxin II are post-translationally 
modified, we expect both proteins to be identical in redox properties. 
The pH dependence of the semiquinone/hydroquinone redox potential E\ obtained by 
us differs significantly from the \-pKK^ dependencies found for several flavodoxins 
including A. vinelandii flavodoxin (Mayhew et al., 1969; Klugkist et al., 1986; Schopfer 
et al., 1991; Heering and Hagen, 1995). To be able to fit our data, we have to assume 
that at least two protonation sites with redox-linked pK values are present in the vicinity 
of the isoalloxazine ring of FMN. The first pKted (p^red,l = 5-39 ± 0.08) is comparable 
with the low pKre<^ of 4.8 observed for D. vulgaris flavodoxin (Heering and Hagen, 
1995) and the reported pKted of 5.8 for M. elsdenii flavodoxin (Mayhew et al., 1969). 
The deprotonation of an additional protonation site in A. vinelandii flavodoxin (pKox = 
7.29 ±0.14, pArred2 = 7.84 ± 0.14) causes a further decrease of the potential by about 30 
mV. This decrease of the £j of A. vinelandii flavodoxin II between pH 7 and 9 contrasts 
with the pH independence of E\ between pH 7 and 9 which has so far been found for 
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other flavodoxins (Mayhew et al., 1969; Entsch and Smillie, 1972; Sykes and Rogers, 
1984; Paulsen et al., 1990; Caldeira et al., 1994; Heering and Hagen, 1995). A tentative 
explanation is that, since the internal pH in A. vinelandii bacteria is around pH 8 (Laane 
et al., 1980), the additional protonation site could provide a necessary driving force for 
electron transfer to nitrogenase. 
The temperature dependence of the semiquinone/hydroquinone potential £ j is not 
very pronounced. The small reaction entropy indicates that there is not much difference 
in the mobility of FMN between the semiquinone and the hydroquinone form in the 
protein. The temperature dependence of -0.5 mV.K-1 at pH 6 is less steep than that 
observed for D. vulgaris flavodoxin (-1.86 mV.K-1 at pH 7), but no direct comparison 
can be made since AS° can be pH dependent. 
EPR-monitored redox titrations of flavodoxin at pH 6 and pH 8.5 confirm that the 
midpoint potentials measured using cyclic voltammetry originate from the 
semiquinone/hydroquinone couple of flavodoxin. From Table 1, it can be concluded that 
neither the promotor neomycin nor dithiothreitol has a measurable influence on the 
semiquinone/hydroquinone redox potential of flavodoxin as measured in the cyclic 
voltammetry experiments. The midpoint potentials of the quinone/semiquinone couple 
E2 a t pH 8.5 give essentially identical values for wild-type and C69A flavodoxin. 
However, at pH 6.0 their E2 redox potentials differ slightly more than allowed for by the 
estimated errors for the redox titration experiments. Since such a difference in E2 redox 
potential at pH 6 would imply that replacement of Cys69 by an alanine only affects the 
flavodoxin quinone form below pH 8.5 and not the semiquinone nor the hydroquinone 
state, we do not believe that the observed difference at pH 6.0 is significant. It remains 
to be determined whether the midpoint potential E2 shows a pH-dependent behaviour of 
-59 mV.pH1, as was found for other flavodoxins in which reduction of the quinone 
form to yield the neutral semiquinone is coupled to a protonation (Ludwig and 
Luschinsky, 1992). The existence of a pK of 7.3 for the semiquinone state suggests a 
non-linear dependence of the midpoint potential E2, unless an additional pK of around 
7.3 exists for the quinone state. The E2 values we determined for wild-type and C69A 
flavodoxin at pH 8.5 (-180 ± 10 mV) are less negative than the reported 
quinone/semiquinone redox potential of -224 mV at pH 8 for the recombinant 
dephosphoflavodoxin (Taylor et al., 1990). Reported values of the midpoint potential E2 
of A. vinelandii flavodoxins (strain OP and strain OP, Berkeley) containing a covalently 
attached phosphate group vary from + 50 mV at pH 8.2 to - 273 mV at pH 7.7 (Barman 
and Tollin, 1972; Yoch, 1972; Watt, 1979). 
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Conclusion 
We succeeded in generating two flavodoxin mutants that do not dimerise and which -
have essentially identical redox properties as wild-type flavodoxin. Using these mutants, 
we are now able to continue our study on the folding and stability of A. vinelandii 
flavodoxin II (strain ATCC 478) without encountering complications due to 
intermolecular disulphide bond formation. 
Materials and methods 
Proteins 
Recombinant wild-type, C69A and C69S A. vinelandii flavodoxin II (strain ATCC 
478) were expressed in E. coli and purified as described previously (Tollin and 
Edmondson, 1980). 31P-NMR measurements confirmed that only phosphate of bound 
FMN is present in the recombinant proteins (van Mierlo, CPM, unpublished results). 
Cyclic voltammetry 
Cyclic voltammograms were recorded using either a Wenking POS73 potentiostat 
(Bank Elektronik, Germany) or a BAS CV-27 potentiostat (Bioanalytical Systems, 
Indiana, USA). The potential was also measured with a Fluke 8022-A digital multimeter 
(Fluke, Tilburg, NL). The data were recorded on a X-Y recorder (Kipp & Zonen, NL). A 
glassy carbon disc (type V25, Le Carbon Loraine, Rotterdam, NL), a P-1312 micro 
platinum electrode (Radiometer, Copenhagen, DK) and a K-401 saturated calomel 
electrode (SCE) (Radiometer, Copenhagen, DK) were used as working, counter and 
reference electrode, respectively. Prior to each electrochemical measurement, the glassy 
carbon disc was polished on Microcloth with 6-|J.m Metadi Diamond Compound spray 
(Buehler) and activated in a methane flame as described by Heering and Hagen (1995). 
The three-electrode electrochemical cell used is described in detail by Hagen (1989). 
The experiments were performed at 22 ± 1 °C and all reported potentials have been 
recalculated with respect to the normal hydrogen electrode (NHE) using 246 mV for the 
saturated calomel electrode. The sample volume was 16 - 20 JJ.1 with wild-type, C69A 
and C69S flavodoxin final concentrations in the range 75 - 155 (J.M. 3 mM Neomycin B 
(Sigma) was always present as a promotor. In the case of wild-type flavodoxin, the 
sample also contained 3 mM dithiothreitol (Sigma). The pH dependence of the 
flavodoxin redox potential was measured in 60 - 100 mM Good's buffers (Mes, pH 5.5 
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and pH 6.0; Bistris, pH 6.5; Mops, pH 7.0; Hepes, pH 7.5; Tricine, pH 8.0; Taps, pH 
8.5) or sodium acetate (pH 4.0, pH 4.5 and pH 5.0). Cyclic voltammograms were 
recorded from -300 mV (pH > 5) or -200 mV (pH < 5.5) to -900 mV versus SCE at a 
potential scan rate of 10 raV.s"1. The temperature dependence of the midpoint potential 
at pH 6 was determined by submerging the electrochemical cell in a thermostatically 
controlled waterbath. The cell was flushed with argon which was led through 2 m of 3 
mm wide copper tubing submerged in the waterbath. The internal temperature of the cell 
was measured using a thermocouple inserted into the salt bridge of the calomel 
electrode. The temperature dependence of the calomel electrode potential was calculated 
according to: 
£S C E = 244.4 - 0.661 * (t - 25) -1.75 * 10"3 * (t - 25)2 - 9.0 * 10"7 * (t - 25)3 mV 
with the temperature t in centigrade (Bard and Faulkner, 1980). 
EPR-monitored redox titrations 
Redox titrations were performed at 22 ± 1 °C as described by Pierik and Hagen 
(1991). The potential of the solution was measured using a P-1312 micro platinum 
electrode (Radiometer, Copenhagen, DK) with reference to the potential of a K-401 
SCE (Radiometer, Copenhagen, DK) using a Fluke 8022-A digital multimeter (Fluke, 
Tilburg, NL). Reported potentials were recalculated with respect to the NHE. A typical 
solution contained 40 iiM wild-type or C69A flavodoxin and equimolar concentrations 
(40 (iM) of the following redox mediator dyes: phenazine ethosulfate, methylene blue, 
resorufin, indigo carmine, 2-hydroxy-l,4-naphthoquinone, anthraquinone-2-sulfonate, 
phenosafranine, saphranine O, neutral red, benzyl viologen and methyl viologen in 100 
mM Mes, pH 6 (or 100 mM Taps, pH 8.5) containing 40 mM sodium chloride. The 
reductant was sodium dithionite (Sigma) freshly prepared in anaerobic 100 mM Mes, 
pH 6 (or 100 mM Taps, pH 8.5). If, at very low potentials, it became impossible to 
reduce the flavodoxin solution using dithionite (Mayhew, 1978), a titanium(III) citrate 
solution was used as the reductant (midpoint potentials of -440 mV at pH 6 and -590 
mV at pH 8.5 (Zehnder, 1976)). After each addition of reductant, the solution was 
stirred until a stable potential was obtained. Subsequently, a 100-ixl sample was 
transferred to an anaerobic EPR tube connected to an argon/vacuum manifold and 
frozen in liquid nitrogen. EPR data were collected on a Bruker 200D EPR spectrometer 
at a microwave frequency of 9.18 GHz with a microwave power of 20 |J.W. The 
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modulation frequency was 100 kHz and the amplitude of modulation was 1.0 mT. The 
temperature was kept in the range 125 - 135 K by using a flow of nitrogen through a 
home-built cryostat. The relative concentration of the flavodoxin semiquinone form was 
determined from the intensity of the radical signal and corrected for dilution. 
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3 Doubly sensitivity-enhanced 3D TOCSY-HSQC 
Recently, strategies for double sensitivity enhancement in heteronuclear three-
dimensional NMR experiments were introduced (Krishnamurthy, 1995; Sattler et al. 
1995a; 1995b). Since a sensitivity enhancement of a factor 21/2 can be achieved for 
each indirect dimension, nD spectra can theoretically be enhanced up to a factor of2(("-
l)/2) 77je analysis of NMR experiments in which gradients are employed requires a 
description in terms of Cartesian spin operators {!„ L and Iz), coherence pathways and 
of lowering and raising operators (I+, T). We analyse coherence transfer building 
blocks in terms of these descriptions and propose and analyse a doubly enhanced three-
dimensional ^H-^N TOCSY-HSQC sequence. The application of a doubly enhanced 
three-dimensional ]H-15N TOCSY-HSQC sequence is shown for uniformly 15N-A^C-
and 15N-labelled samples of the relatively large Azotobacter vinelandii C69A flavodoxin 
II (179 amino acids). The main factors that contribute to the final signal-to-noise 
enhancement have been systematically investigated. The sensitivity enhancement 
obtained for the doubly enhanced ]H-^N TOCSY-HSQC pulse sequence as compared 
to the standard (unenhanced) version is close to the theoretically expected factor of two. 
Introduction 
Pulse sequences employing B0 field gradients have been shown to yield spectra of 
very high quality with respect to artefact and solvent suppression (Jahnke and Kessler, 
1994; Kontaxis et al., 1994; Schleucher et al., 1994; Stonehouse et al., 1994; 1995; Kay, 
1995; Sattler et al, 1995a; 1995b). B0 field gradients can eliminate the undesired signals 
in NMR spectra in at least two distinct ways. In the first approach, signals resulting from 
unwanted coherence pathways are rejected. The gradients are applied each time the 
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signal of interest lies along the z-axis so that (hopefully) all unwanted coherences are 
defocused. This approach thus provides an additional means over phase cycling for 
removing artefacts, with the advantage that artefacts can be removed per individual scan 
(Bax and Pochapsky, 1992; Keeler et al., 1994). Even better artefact and solvent 
suppression is obtained in the second approach, in which the gradients are used to 
actively select coherence pathways of interest (Jahnke and Kessler, 1994; Kay, 1995; 
Sattler et al., 1995a; 1995b). 
Initially, it was thought that the use of gradients to actively select coherence 
pathways would lead to a loss in sensitivity by a factor of 21^ as compared to the 
conventional phase-cycled experiments, since only one of the two possible coherence 
pathways is selected. Therefore, the first approach, in which unwanted coherence 
pathways are rejected and which thus has the same sensitivity as a phase-cycled 
experiment, was favoured (e.g. Bax and Pochapsky, 1992; Keeler et al., 1994). Later, 
Kay et al. (1992) demonstrated that instead of a lower sensitivity, in fact an enhanced 
sensitivity can be achieved via the second approach when used in combination with the 
enhanced INEPT sequence (eINEPT) developed by Ranee et al. (Cavanagh and Ranee, 
1990; Palmer III et al., 1991). The eINEPT sequence gives a factor of 21 / 2 higher 
sensitivity as compared to the regular INEPT sequence, since it allows to retain both 
coherence pathways. Because the gradients also select these two coherence pathways, 
no signal loss is incurred. Subsequently, the corresponding theoretical background was 
thoroughly analysed by Keeler and co-workers (Keeler et al., 1994; Kontaxis et al., 
1994; Stonehouse et al., 1994; 1995) and by Griesinger et al. (Schleucher et al., 1994). 
Sequences such as the enhanced INEPT were termed coherence order selective 
coherence transfer (COS-CT) by Griesinger et al., since such sequences transfer the 
coherence order completely, e.g. 2IZS+ -> I+. Regular INEPT sequences, on the other 
hand, mix the coherence orders on transfer, e.g. 2IZS+ -»I+ + I". The coherence transfer 
sequences that transfer in-phase coherence, e.g. S+ -» I+ , require an additional J-
refocusing period and were termed ICOS-CT. It was also shown that the heteronuclear 
cross-polarisation sequence can be modified into a COS-CT (eCP) and that by adding an 
additional J-coupling refocusing period it can be modified into an ICOS-CT (Schleucher 
et al., 1994; Sattler et al., 1995a; 1995b). 
In nD NMR experiments employing COS-CT or ICOS-CT sequences instead of 
regular CT sequences, an improvement by a factor of 2((n~W in sensitivity can be 
achieved as compared to non-enhanced experiments. Krishnamurthy (1995) was 
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probably the first to demonstrate double enhancement in a 3D NMR experiment 
(HSQC-TOCSY); however, without using gradients for coherence pathway selection. 
The caveat of the use of such singly, doubly or multiply enhanced approaches is that 
apart from a gain in signal intensity also a loss of signal intensity may occur. This is 
mainly due to four effects: 
(1) A larger number of pulses is required in eINEPT as well as in eCP pulse 
sequences, which leads to signal loss due to rf inhomogeneity. 
(2) The eINEPT and eCP pulse sequences are longer than their unenhanced 
counterparts. This leads to signal loss due to transverse relaxation. 
(3) Sattler et al. (1995a; 1995b) showed that the delays required for optimal 
enhancement in eINEPT sequences depend on the XHn multiplicity. The eINEPT 
sequence cannot be simultaneously optimised for all multiplicities. Similarly, for eCP 
sequences the mixing time cannot be optimised for all multiplicities simultaneously. 
(4) Application of gradients for coherence pathway selection requires initial 
defocusing followed by a refocusing of the wanted coherences. The latter is achieved 
after a waiting period, so that the refocusing may be incomplete due to translational 
diffusion of the sample molecules during this period. 
Interestingly, the original application of enhancement, which is in the context of 
homonuclear TOCSY, does not require a significantly longer pulse sequence (Cavanagh 
and Ranee, 1990) and does not suffer from these detrimental effects. 
To successfully modify existing sequences into enhanced versions, it is required that 
such sequences contain as COS-CT steps either homonuclear TOCSYs or S -» I 
coherence transfer steps that are short enough to fulfil the condition 21/2 * exp -T/T2 > 1, 
with i = 1/(2JIS) and T2 the transverse relaxation time. In 3D HCCH experiments, 
double enhancement is therefore expected to give signal-to-noise improvements because 
of the large ' J C H couplings present and the use of a homonuclear transfer step 
(Schleucher et al., 1994; Sattler et al., 1995a; 1995b). However, a sensitivity loss may 
be incurred due to multiplicity effects. Sattler et al. (1995a; 1995b) demonstrated the 
implementation of the double enhancement procedure in a 3D HCCH experiment using 
refocused eINEPTs as COS-CT steps. The doubly enhanced 3D HCCH experiment 
contains short C -> H and C -> C transfer steps and indeed gave an additional 
enhancement as compared to the singly enhanced 3D HCCH experiment, depending on 
the multiplicity involved. On the other hand, most 3D triple resonance experiments 
contain C -> N or C -> P transfer steps involving relatively small J-couplings. As a 
consequence, the durations in such doubly enhanced sequences will take too much time, 
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particularly for large proteins or nucleic acids. It was indeed observed that the doubly 
enhanced 3D HNCO experiment, which contains a long C -> N transfer period, did not 
have an improved sensitivity with respect to the singly enhanced 3D HNCO experiment 
(Sattler et al., 1995a). 
The 3D !H-15N TOCSY-HSQC experiment is ideally suited for obtaining sensitivity 
improvement via the double enhancement approach, since it features (i) a homonuclear 
!H -> !H TOCSY transfer step; (ii) a lU -> 15N INEPT step as well as a 15N -* !fl 
reverse INEPT step, both of which require only approximately 5 ms; and because (iii) 
multiplicity effects do not play a role. In this Chapter, the implementation of the double 
enhancement approach in a 3D TOCSY-HSQC experiment is presented. The main 
factors contributing to the signal-to-noise enhancement are systematically investigated. 
Uniformly 15N-/13C- and 15N-labelled H 2 0 samples of C69A flavodoxin II of 
Azotobacter vinelandii (179 amino acid residues, 20 kDa) are used for this purpose. It is 
demonstrated that the sensitivity can be improved by nearly a factor of 2. 
The analysis of NMR experiments in which gradients are employed requires a 
description in terms of Cartesian spin operators (Ix, Iy and Iz), as well as of coherence 
pathways and of lowering and raising operators (I+, I"). It is therefore worthwhile to 
briefly reiterate the essentials, before the implementation of the double enhancement 
approach in the 3D TOCSY-HSQC experiment is discussed in detail. 
Analysis of COS-CT sequences 
The standard reverse INEPT sequence is shown in Figure 1A, whereas the same 
sequence employing gradients for coherence pathway selection is given in Figure IB. In 
Figure 1C the enhanced reverse INEPT sequence is shown. In all three figures, the 
coherence pathways are given as well. The sequences are first analysed in terms of 
Cartesian operators Ix, Iy, Sx, Sy, Iz and Sz, after which the results are derived in terms 
of I+, I-, S+, S", Iz and S2. Note that we use the convention as used by van de Ven 
(1995). We assume here that at the start of tj (point A) the coherence present is, O"A = 
2IZSX, and that at the end of tj (point B), 0"A has evolved into: 
oB = 2IZSX cos(rost,) - 2IzSy sin(cost!) [1] 
due to chemical shift evolution. 
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Fig. 1. Coherence transfer sequences that are used as building blocks in pulse sequences: A. reverse 
INEPT sequence; B. reverse INEPT sequence with coherence pathway selection by gradients; C. reverse 
enhanced INEPT sequence with coherence pathway selection by gradients; D. enhanced homonuclear 
TOCSY using an isotropic coupling Hamiltonian, here DIPS 13 (Shaka et al., 1988); and E. enhanced 
homonuclear TOCSY combined with an enhanced INEPT sequence. To illustrate the effect on the 
sensitivity, the coherence pathway schemes are shown for the sequences A, B and C. The delay T should 
be set to 1/(2JIS), irrespective of the multiplicity; t' depends on the IS multiplicity, for IS spin systems T' = 
X, while for I2S and I3S spin systems T' should be set to smaller values (Schleucher et al., 1994). The 
delays e are used to incorporate gradients into the pulse sequences. Decoupling during acquisition is 
achieved via a GARP sequence (Shaka et al., 1985). The phase ()>, = +/-y in C and $i = +/-x in D and E, as 
discussed in the text; phase $5 represents the receiver reference phase and can be set to x. 
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The reverse INEPT shown in Figure 1A transfers 2IZSX -* -Ix and 2IzSy -» 2IySy. 
Thus, at the start of the acquisition (point C) one obtains: 
°C = _Ix cos(cost!) - 2IySy sin(costj) [2] 
The 2IZSX single quantum coherence term has thus been transferred into Ix single 
quantum coherence, while the 2IzSy single quantum coherence term has been transferred 
into 2IySy zero and double quantum coherence. 
In terms of I+, I-, S+, S~, Iz and Sz the analysis is as follows. Starting again at point A 
with, 0"A+ = 2IZSX = 1/2 2IZ(S+ + S"), we obtain after tj evolution at point B: 
CB+ = + 1/2 2IZS+ e(icost!) + 1/2 2IZS" eC-icostj) [3] 
In order to derive the effect of the reverse INEPT sequence, 0"B+ is rewritten in terms of 
Cartesian operators: 
oB+ = + 1/2 2IZ(SX + iSy) e(i(ost!) + 1/2 2IZ(SX - iSy) eC-icostj) [4] 
Since the reverse INEPT shown in Figure 1A transfers 2IZSX -> -Ix and 2IzSy -» 2IySy, 
we obtain at point C: 
a c
+
 = + 1/2 (-Ix + i2IySy) e(i(Ost!) + 1/2 (-Ix - i2IySy) e(-icostj) [5] 
which in terms of I+ and I" gives: 
oc+ = {-1/4 (1+ +1-) + 1/2 i2IySy} eCicost!) 
+ {-1/4 (1+ +1-) - 1/2 i2IySy} e(-i(ost!) [6] 
The reverse INEPT sequence, therefore, transfers 2IZS+ -» -1/2 (1+ + I-) + i2IySy and 
2IZS" -> -1/2 (I+ + I") - i2IySy, as shown in the coherence pathway scheme of Figure 1A. 
By definition, detectable signal only results from the I- terms: 
Odetcos= " 1/41" e(ioasti) -1/41" e(-icost!) = -1/21" cos(cost!) [7] 
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This cos-modulated I" coherence will lead to a cos-modulated signal which, after Fourier 
transformation, gives rise to absorption-mode peaks. To obtain sign discrimination in 
Fj, the sin-modulated signal also has to be measured (Keeler and Neuhaus, 1985). This 





 I- sin(cost!) [8] 
In case gradients are applied to select the desired coherence order, as shown in Figure 
IB, 0"B+ (Eq. [3]) will give rise to: 
aB+ = + 1/2 2IZS- eacostj-ivsgixi) + 1/2 2IZS+ eO-ieos^+ii&giTi) [9] 
after the application of the first gradient and the 180°xs pulse. The subsequent reverse 
INEPT sequence and the application of the second gradient transfers aB+ (Eq. [9]) into: 
CTC+ = [- 1/4 {1+ e(i^g2T2) +1" e(-i^g2T2)} -1/2 i2IySy ...] eawstj-iYsg^j) 
+ [- 1/4 {1+ e(iYig2t2) +1" e(-iyig2T2)} + 1/2 i2IySy ...] eC-ia^+iYsgiTi) 
[10] 
Note that the phase evolution of the zero and double quantum terms due to the second 
gradient is not explicitly shown in Equation [10]. The 1+ and the multiple quantum terms 
do not lead to detectable signal and need not be considered further. It depends on the 
relative signs of gj and g2 which of the two I" terms is selected. For P-type selection, i.e. 
for the selection of 2IzS+/~ -> 1/2 I+/", the gradients need to have the same sign. For N-
type selection, i.e. for the selection of 2IzS+/~ -> 1/2 I"/+, they need to be of opposite 
sign: 
°detN=" 1 / 4 I _ e<i0)sti) (N-type) [11] 
Od^-l/41-eC-icost!) (P-type) [12] 
Thus, as a result of the use of gradients for coherence pathway selection, only one of the 
I" terms is refocused, contrary to the situation considered in Figure 1A, in which both I" 
terms are retained. To obtain an amplitude-modulated signal as in Figure 1A, the P-type 
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and N-type signals are measured separately and need subsequently to be added and 
subtracted: 
o A =-l/2I-cos(costj) (Add) [13] 
a s = - 1/2 i I" sinCco^) (Subtract) [14] 
Both oA and o s are amplitude modulated and each has an amplitude identical to that of 
the cos- and sin-modulated terms, C7detc0s and adetsin, respectively, of the conventional 
reverse INEPT sequence of Figure 1 A. The sin-modulated coherence, o s , is 90° out of 
phase with respect to C7detsin (Eq. [8]), as follows from the presence of the imaginary 
number i. o s Can be made identical to Odetsln by interchanging its real and imaginary 
parts and negating the resulting imaginary part. Subsequent Fourier transformation now 
results in absorption-mode spectra. The difference between the conventional experiment 
and the experiment employing gradients for coherence pathway selection is that the 
separately measured N- and P-type signals are added or subtracted for the latter 
experiment. This procedure leads to an averaging of the noise by a factor of 21/2. Hence, 
the signal-to-noise ratio in the gradient-selected experiment decreases by a factor 21/2 as 
compared to the conventional experiment. The decrease in signal-to-noise ratio is 
therefore caused by the difference in processing which leads to an increased noise 
contribution and does not result from a loss in signal amplitude. 
The enhanced INEPT sequence is shown in Figure 1C. In terms of Cartesian 
operators this sequence transfers, on going from point B to C, 2IzSy —> +Iy and 2IZSX —> 
Ix or 2IZSX —> -Ix depending on whether the phase (|)j = y or -y, respectively. Hence, 
while the conventional reverse INEPT sequence, Figure 1A, transfers anti-phase single 
quantum coherence, 2IzSy, into undetectable multiple quantum coherence, 2IySy, the 
enhanced sequence, instead, transfers it into detectable single quantum coherence, Iy. By 
following the same procedure as illustrated for the INEPT sequences in Figures 1A and 
IB, it is straightforward to derive these transfers in terms of I+, I-, S+, S~, Iz and Sz. At 
point B in Figure 1C, the density operator is the same as the one at point B in Figure IB 
(Eq. [9]). When we rewrite this density operator in terms of Cartesian operators, 
substitute the transfers, 2IzSy -» L and 2IZSX -» +/-IX, for ([)] = +/-y, respectively, and 
disregard the effect of the two gradients, we obtain at point C: 
a c
N
 = + 1/21" e(icostj) + 1/2 1+ e(-icost!) (^ = y, N-type) [15] 
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o c
p
 = - 1/21+ e(io)st!) -1/21- e(-i(ost!) (^ = -y, P-type) [16] 
Thus, the sequence as shown in Figure 1C transfers (from B to C) 2IZS+ -> 1+ and 2IZS~ 
-> I" (((>i = y) and 2IZS+ -> -I" and 2IZS" -> -1+ ((])j = -y), as is also shown in the coherence 
pathway scheme. Subsequent addition and subtraction of the N- and P-type signals 
results in the following detectable I" coherence: 
o-A = + i F sin(costi) (Add) [17] 
o s = + 1-0)8(0051!) (Subtract) [18] 
The addition and subtraction gives rise to a signal amplitude for the enhanced coherence 
transfer sequence which is twice as large as that obtained for the conventional sequence. 
However, the ultimate signal-to-noise ratio increases only by a factor of 21/2 as 
compared to the conventional experiment, since addition and subtraction averages the 
noise by a factor 21/2, as discussed before. 
The effect of implementing gradients in the enhanced INEPT sequence (Fig. 1C) is 
easily derived from 03+ (Eq. [9]) and Equations [15] and [16]: 
o c
N
 = + 1/21- e(i(ost1-iYSg1T1-i^g2T2) + 1/21+ e(-icost1+iYsg1t1+i^g2i:2) 
( ^ y . N - t y p e ) [19] 
o c
p
 = -1/21+ e(ia»st1-iysg1'T1+iYig2i;2) -1/21" eC-itOstj+iYsgiTi-iyigi^) 
(4>1=-y, P-type) [20] 
Consequently, the P-type signal is selected when gradients gj and g2 have the same 
sign, while in case gradients gj and g2 have opposite signs the N-type signal is selected. 
Thus, in effect, the gradients solely act as an artefact filter since their application results 
in selection of the same coherence pathways (e.g. 2IZS" -> I-), as in case they are not 
applied (compare Eqs. [19, 20] with Eqs. [15, 16]). 
The excellent artefact suppression achieved using gradients for coherence pathway 
selection makes the gradient versions of the eINEPT sequence and of other COS-CT 
sequences (e.g. eCP) into ideal building blocks for pulse sequences. Furthermore, COS-
CT sequences also operate in the reverse direction, i.e. they can transfer I+/_ -> 2IzS+/~. 
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Finally, by adding an additional refocusing period one can also transfer in-phase 
coherence into in-phase coherence in an enhanced fashion, e.g. S+/" -> 2IzS+/_ -»I+ / \ 
Figure ID illustrates one of these building blocks, namely the original application of 
COS-CT in an enhanced homonuclear TOCSY (eTOCSY), as proposed by Cavanagh 
and Ranee (1990). The effective homonuclear TOCSY (DIPSI3X) Hamiltonian, Hxyz, is 
isotropic, / /x y z = TCJ (I*1^2 + ly'ly2 + Iz'lz2)- Hence, the transfer of I',(,-> I2^ is 
independent of whether <|> = x, y or z and, consequently, Hxyz transfers I1+ -> I2+ and I*" 
-» I2-. With two 90°x pulses bracketing the TOCSY sequence, either N-type or P-type 
coherence transfer can be obtained depending on the sign of (t>j of the first 90° pulse, 
since I1+/_ -»I2+/" transfer is achieved when (|>j = x and I1+/L ->I2_/+ when <|>] = -x. 
Finally, Figure IE illustrates the combination of an eTOCSY with an eINEPT, which 
is used in the doubly enhanced 3D TOCSY-HSQC. We assume that at point B in Figure 
IE the density operator has evolved into: 
aB =Ixcos(coIt1) + Iy sinCcojti) [21] 
As follows from the above considerations, it can be derived that the eTOCSY-elNEPT 
sequence transfers on going from B to C in Figure IE, I1+ -»I1+/- -»+/- i 2I1zS+/~, I2+ -» 
Il+/- _> +/- i 2I12.S+/-, I'- -> l!-/+ -> -/+ i 2I1ZS-/+ and I2" -* V-'+ -» -/+ i 2l!zS-/+ type 
terms, when (|>i = +/- x. Thus, depending on the sign of the phase (j)j either P-type or N-
type transfer is achieved. Note that the eINEPT part of the eTOCSY-elNEPT sequence 
transfers in-phase I coherence into anti-phase IZS coherence, whereas the transfer occurs 
in the reverse order in the eINEPT sequence of Figure 1C. 
Analysis of 3D TOCSY-HSQC sequences 
Figure 2 shows the pulse sequences for different versions of the 3D TOCSY-HSQC 
experiment. The standard non-enhanced version of the experiment is given in Figure 
2A. In the singly enhanced versions only the second transfer step is enhanced, either 
without (Fig. 2B) or with (Fig. 2C) coherence pathway selection by gradients during the 
first transfer step. The doubly enhanced version is presented in Figure 2D. In the 
standard 3D TOCSY-HSQC experiment (Fig. 2A), the coherence transfer from •H to 
'^N takes place via a homonuclear ^H-'H TOCSY and a subsequent INEPT sequence. 
In the doubly enhanced version of the 3D TOCSY-HSQC experiment (Fig. 2D), the 
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latter two sequences are replaced by an eTOCSY-elNEPT sequence. In addition, the 
final 15N -> lH reverse INEPT transfer step has been replaced by an eINEPT sequence. 
In the following, we describe the development of the coherences during the pulse 
sequence of the doubly enhanced 3D TOCSY-HSQC experiment (Fig. 2D) in terms of 
H+, H", N+, N", Hz and Nz. Starting with the excitation pulse: 
oA =-Hx [22] 
is generated at point A (Fig. 2D), which evolves during tj into: 
OB =-Hxcos(+coHtj) + Hy sint+coHtj) 
= -1/2 {H+ e(+iooHt1)+ H- eC-iooHtj)} [23] 
which after the 180°x proton pulse and application of the gradient evolves into: 
o c =-l/2{H-e(+i(0Ht1-i'ft1g1T1) + H+e(-i(0Ht1+i'yHgii:i) [24] 
at point C. Note that as compared to the non-enhanced version of the experiment (Fig. 
2A) an additional delay period 28 had to be included after the tj evolution period to 
incorporate the gradient. Subsequently, in analogy to the transfers discussed in relation 
to Figure IE, the eTOCSY-elNEPT transfer step gives at point D rise to: 
oD
N
 = -1/2 {-i 2HZN- e(+i{oHt1-i'fegITi) + i 2HZN+ eMcOHtj+i^gjTj)} 
(4>l=x) [25] 




 = -1/2 {+i 2HZN+ e(+i(oHti-i%igiT1) - i 2 1 ^ - e(-icoHt1+i^Ig1i:1)} 
(4>1 = -x) [26] 
The subsequent 15N evolution period t2 is incorporated into a constant-time period of 
total fixed duration 2T. As a result, both the refocusing gradient for tj and the 
defocusing gradient for the second evolution period t2 can be incorporated into the 
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Fig. 2. Pulse sequences used for 3D TOCSY-HSQC experiments. Narrow bars indicate rf pulses with a 
90° flip angle, while wider bars indicate rf pulses with a 180" flip angle. The 90° water flip-back pulse has 
a Gaussian profile and a duration of 2.1 ms. All B0 field gradients are sine-bell shaped. The 1-ms trim 
pulses bracketing the DIPSI3 sequence are indicated by vertical lines. A. Standard 3D TOCSY-HSQC 
pulse sequence. The phase cycle used is: <t>0 = y, y, -y, -y; (j)) = x; fa = x, -x; fa = x, -x, -x, x. Quadrature 
detection in the tj and the t2 dimension is obtained by using the STATES-TPPI method (Marion et al., 
1989) in which the phases <|>0 and fa. are incremented separately. B. Singly sensitivity-enhanced 3D 
TOCSY-HSQC pulse sequence. The phase cycle used is: fa = y, y, -y, -y; fa =x;fa = x, -x; fa = y; <|>5 = 
x, -x, -x, x. Optimal sensitivity for rapidly exchanging amide protons is achieved when §6 = y, as the 
water magnetisation is not defocused by the gradients and lies along the +z-axis just prior to acquisition. 
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Quadrature detection in the t] dimension is obtained via the STATES-TPPI method by incrementing 
phase <|>0. Absorption-mode spectra in the t2 dimension are obtained by separate measurements of the N-
and P-type coherences, which is achieved by simultaneously inverting the sign of the final gradient and of 
phase <j>4, as described in the text. The amplitudes and durations of gradients 1 and 2 are equal to those of 
the third and fourth gradients of sequence 2D. C. Singly sensitivity-enhanced 3D TOCSY-HSQC with 
coherence pathway selection by gradients on going from tj to t2. The phases cycle used is: <j>0 = y; $i = x; 
<|>3 = x, -x; $4 = y; (|>5 = x, -x, <|>g = y. Water magnetisation is dephased for any setting of <(>6 (see text). 
Absorption-mode spectra in the t] dimension are obtained by separate measurements of N-type and P-type 
coherences, by inverting the sign of the first gradient as described in the text; absorption-mode spectra in 
the t2 dimension are obtained as discussed for sequence 2B. Gradient amplitudes and durations used are 
the same as for sequence 2D. D. Doubly sensitivity-enhanced 3D TOCSY-HSQC pulse sequence. The 
phase cycle used is: (jig = y; (|)| = x; ty2 = x- "x- <t>3 = y> _y; 04 = Y> §5 = x> ~x- $6 ="x- Water magnetisation is 
dephased for any setting of (|>6 (see text). Absorption-mode spectra in the tj dimension are obtained by 
separate measurements of N- and P-type coherences, which is done by inverting the sign of the first 
gradient in concert with the sign of phase <(>], as described in the text; absorption-mode spectra in the t2 
dimension are obtained as described for sequence 2B. For gradients 1 to 4 the amplitudes used are 16, 40, 
80 and 16, respectively (with 100 corresponding to 60 G.cm"1) and the corresponding durations are 0.125 
ms, 0.5 ms, 0.5 ms and 0.25 ms, respectively. E. Doubly sensitivity-enhanced 3D TOCSY-HSQC pulse 
sequence, optimised for maximal sensitivity of rapidly exchanging amide protons; the water 
magnetisation is not defocused and lies along the +z-axis just prior to acquisition. The phases used are 
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identical to those in sequence 2D, except for fy6, which is set to x. Absorption-mode spectra in both the t( 
and the t2 dimension are obtained as described for sequence 2D, with the exception that in order to refocus 
the water magnetisation \g2^2 = 'Sl^l w ' m si = - s2 and coherence pathway selection in the tj and the tj 
dimension is obtained by proper setting of the other gradient amplitudes and signs, as described in the text 
(gradient strengths used are 24.5, 13.1, 83.2 (or 76.8) and 20.4 for gradients 1 to 4, respectively). The 
INEPT delays T and t ' are set to 2.3 ms. The length of the constant-time period T is 9 ms and t, + T) = T/2. 
The delays 8 and e are set to 0.25 ms and 0.5 ms, respectively, which includes both the gradient length 
and the recovery time. Nitrogen decoupling during acquisition is achieved via a GARP sequence (Shaka 
et al., 1985) with a 2-kHz rf field. A 46.6-ms DIPSI3 sequence of 8.7 kHz (Shaka et al., 1988) is used for 
'H, 'H TOCSY transfer. The ]H, 15N and 13C carrier positions are at the H 2 0 resonance frequency, 110 
ppm and 47 ppm, respectively. The 'H, 15N and 13C pulses are applied with rf field strengths 
corresponding with 90° pulse lengths of 13, 24 and 20 us, respectively. 
constant-time period without requiring extra delays. After the constant-time evolution 
period, the previously considered N- and P-type terms have at point E evolved into: 
oE
N
 = - 1/2 i 2HZN+ e(+ia)Ht1-i^g1T1-i^g2T2+iYNg3T3-icoNt2) 
+ 1/2 i 2HZN- e(-i(0Ht1+i^g1Ti+i7Ng2't2-i^|g3i;3+i(0Nt2) [27] 




 = + 1/2 i 2HZN- e(+icoHt1-ilHg1T1+i7Ng2'r2-iYNg3T:3+ia)Nt2) 
-1/2 i 2HZN+ e(-iroHt1+i^g1T,-i^g2T2+iYNg3T3-i(0Nt2) t28l 
Oh = -x, P-type) 
The subsequent reverse eINEPT period, which includes a refocusing gradient, links the 
evolution period t2 with the acquisition period t3. The separate P- and N-type terms, o^ 
and 0"EN, each give rise to both a P-type as well as an N-type term in this step, 
depending on the settings of ^4. Finally, four possible terms arise at point F in the 3D 
doubly enhanced TOCSY-HSQC sequence: 
<TFNN = -1/2 i H+ e(+i(0Ht1-i7Hgiti-i7Ng2i;2+i'fr|g3T3+iYHg4T4-ia)Nt2) 
+ 1/2 i H- e(-icoHti+i^Hgii:i+iYNg2'C2-i^g3^3-iTHg4'i;4+iroNt2) f29l 
(<[>! = x, N-type; <t>4 = y, N-type) 
oF
N P
 = + 1/2 i H- e(+ia)Ht1-i^ig1t1-i^g2-t2+i'^g3T3-i^g4T4-io}Nt2) 
-1/2 i H+ e(-icoHt1+i^g1'C1+iYNg2-c2-i^g3T3+i7Hg4i:4+iraNt2) t3°] 
(<!>! = x, N-type; <j>4 = -y, P-type) 
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oF
P N
 = + 1/2 i H- e(+i(oHti-i^giti+i^g2T2-i-frjg3t3-ilhg4T4+ifONt2) 
-1/2 i H+ e(-ia)Hti+%g1t1-i'^)g2t2+i^g3':3+i^g4'C4-i»Nt2) [31] 
(§1 = -x, P-type; <j)4 = y, N-type) 
aF
p p
 = - 1/2 i H+ e(+ia)Ht1-i^g1T1+i^,g2t2-i^g3t3+i%Ig4X4+io)Nt2) 
+ 1/2 i H- e(-icoHt1+i'ft1g1t1-i^g2T2+i^g3T3-i'ftIg4T4-ia)Nt2) [32] 
Oh = -x, P-type; <|>4 = -y, P-type) 
Only the H- terms will lead to detectable signal. Amplitude-modulated detectable H-
coherences can be obtained via proper linear combinations of the o"F terms: 
aF
NN




 + o F
p p
 = 2i H- cosCrontj) cos(coNt2) [33a] 
0pNN . 0 F N P + oFPN . 0pPP = _2 H- cosCcont!) s i n O ^ ) [33b] 
CpNN . 0pNP . 0pPN + 0pPP = 2 H- sinCcoHtj) cos(coNt2) [33c] 
aF
NN + o F N P - oF P N - o F p p = 2i H- sinCcoHtj) sin(coNt2) [33d] 
The signal amplitude is four times as large as that obtained for the conventional 
unenhanced sequence. The latter sequence namely, with the phases of the pulses as 
shown in Figure 2A, gives rise to the detectable signals: 
Gdet = 1/2 H" cos(coHti) cos(coNt2) [34a] 
ode t = 1/2 H" cos(coHt!) sin(coNt2) [34b] 
adet = 1/2 H- sinCcoHtj) cos(coNt2) [34c] 
°det = 1 / 2 H ' s i n ^ t i ) sin(coNt2) [34d] 
It is important to realise that per free induction decay the same signal amplitudes are 
obtained in the conventional unenhanced and in the doubly enhanced versions of the 3D 
experiment (compare Eqs. [29-32] with Eqs. [34a-d]), as discussed before. In case of the 
conventional sequence of Figure 2A, both the cos- and sine-modulated signals have to 
be measured to obtain sign discrimination in Fj and F2 (Keeler and Neuhaus, 1985). 
Note that Equations [33a] and [33d] are 90° out of phase with respect to the 
corresponding terms obtained using the conventional sequence of Figure 2A, as follows 
from the imaginary number i. Their correct phases are obtained by interchanging the 
imaginary and real parts of their FIDs and negating the imaginary parts of the resulting 
FIDs. Subsequent three-dimensional Fourier transformation of the amplitude-modulated 
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H" coherences leads to pure absorption-mode cross peaks with sign discrimination in Fj 
andF2-
The difference between the conventional experiment and the experiment employing 
gradients for coherence pathway selection is that the separately measured N- and P-type 
signals are added or subtracted for the latter experiment (Eqs. [33a-d]). As discussed 
before, this procedure leads to an averaging of the noise by a factor of 41/2. Hence, 
whereas the signal increases by a factor of 4 in the gradient-selected experiment, the 
ultimate signal-to-noise ratio increases only by a factor of 2 (i.e., 4 divided by 41/2) as 
compared to the original experiment. This corresponds to a signal-to-noise improvement 
by a factor of 2. 
To select a specific coherence pathway, the corresponding net phase resulting from 
the gradients incorporated into the pulse sequence has to be zero (see Eqs. [29-32]): 
NN: +iyHs 1 Igi IXi+iYNs2lg2lT2-iYNs3 lg3[T3-i-yHs4lg4lT4 = 0 
(<|>1 = x, <|>4 = y) [35a] 
NP: -i7iIsllgilT1-i7Sis2lg2lT2+i7Ns3lg3l'r3-i7tIs4lg4lT4 = 0 
(4>1-x,<t>4 = -y) [35b] 
PN: -iYHsllg1lTi+iYNs2lg2lT2-iyNs3lg3li:3-iyHs4lg4lT4 = 0 
(<|>1 = - x , <t>4 = y ) [ 3 5 c ] 
PP: +i^Isllg1lT1-iYNs2lg2lT2+iYNs3|g3ll:3-i'ms4|g4l'c4 = ° 
(4>l = -x,4>4 = -y) [35d] 
in which si to s4 represent the sign of gradients gj to g4, respectively. Since four 
gradients are used, a certain element of freedom remains to achieve the desired 
coherence pathway selection. Both the number of gradients used as well as their length 
or amplitude may be altered. Firstly, it can be concluded that only one gradient during 
the constant-time period would suffice for coherence pathway selection in both the tj 
and the t2 evolution period. However, we, instead, have chosen to use two gradients 
during the constant-time evolution period. This has the advantage that one can achieve 
coherence pathway selection independently for each of the two transfer steps and 
thereby test the quality of each individual selection step. Secondly, we have decided to 
keep both the gradient amplitudes and lengths constant: lg2lT2 = "KYH^YN) 'Sl^l an<^ 
'g3'T3 = +(YH^YN) 'g4'T4- Consequently, coherence pathway selection of the four different 
routes can be achieved by simply permutating the signs of the first and last gradients: 
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NN: s (-,+,+,-) [36a] 
NP: s (-,+,+,+) [36b] 
PN: s (+,+,+,-) [36c] 
PP: s (+,+,+,+) [36d] 
To keep the delays 8 and e in the pulse sequence as short as possible, we decided to 
choose a duration of 0.125 ms for the first gradient with a recovery time of 0.125 ms, so 
that 8 = 2 * 0.125 ms. Similarly, the final gradient lasted 0.25 ms with a recovery time 
of 0.25 ms, so that e = 2 * 0.25 ms. The second and third gradient were both chosen to 
last 0.5 ms and each was associated with a 0.5-ms recovery time. Consequently, the 
ratio of the amplitudes of gradients 1, 2, 3 and 4 is now fixed. We used gradient 
strengths of 16, 40, 80 and 16 (with 100 corresponding to 60 G.cnr1), for gradients 1, 2, 
3 and 4, respectively. 
The second and third gradient deliberately have the same sign, as this results in 
additive defocusing of unwanted residual ^H coherences corresponding to protons not 
bound to 15N atoms. As the change of gradient signs necessary for coherence pathway 
selection takes place on the relatively weak and short first and last gradient in the pulse 
sequence, the resulting variation in total defocusing of such unwanted coherences is 
limited. 
The doubly enhanced 3D TOCSY-HSQC pulse sequence contains extra delay periods 
as compared to the standard pulse sequence but, in contrast to the standard sequence, it 
does not need the two trim pulses around the DIPSI3X sequence. Consequently, the net 
lengthening of the pulse sequence as compared to the standard sequence is: 28 + 2t + 2t 
+ 2e - 2 trim = 0.5 ms + 4.5 ms + 4.5 ms + 1.0 ms - 5 ms = 5.5 ms. When we neglect the 
effect of rf inhomogeneity, the doubly enhanced pulse sequence is only expected to 
perform poorer in terms of sensitivity as compared to the standard sequence when 2 * 
exp (-5.5 ms / T2) < 1. This is the case when T2 > 8 ms which roughly corresponds to 
proteins with a molecular weight well over 20 kDa. 
Much attention has recently been given to the effect of water suppression on the 
signal intensity of relatively rapidly exchanging NH protons (Grzesiek and Bax, 1993a; 
Jahnke and Kessler, 1994; Stonehouse et al., 1995). The standard technique of water 
suppression has been presaturation of the water magnetisation during the relaxation 
delay. As a result of the exchange of water protons with rapidly exchanging NH protons, 
the magnetisation of NH protons also becomes partly saturated which leads to a loss of 
NH signal intensity (see e.g. Grzesiek and Bax, 1993a). When, instead of presaturation, 
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BQ field gradients are used to defocus the residual water signal, the possibility of 
incomplete recovery of water magnetisation during the relaxation delay period exists. 
This also leads to a loss of signal intensity (Grzesiek and Bax, 1993a; Jahnke and 
Kessler, 1994; Stonehouse et al., 1995). Hence, both methods should be avoided 
whenever possible. Instead, the water magnetisation needs to be positioned along the 
+z-axis at the start of the acquisition, so that exchange of NH protons with water protons 
does not lead to signal loss. 
In the singly enhanced 3D TOCSY-HSQC sequence (Fig. 2B), an optimal positioning 
of the water magnetisation can be achieved by simply including a Gaussian water flip-
back pulse with phase y prior to the first gradient. The water magnetisation then lies 
along the +z-axis when the first gradient is applied and since the eINEPT sequence 
positions it ultimately again along the +z-axis just before the second gradient is applied, 
no defocusing of the water magnetisation takes place at all. On the other hand, in both 
the gradient-selected singly enhanced pulse sequence of Figure 2C and the doubly 
enhanced pulse sequence of Figure 2D the water magnetisation is defocused by the first 
gradient. The pulse phases are chosen in such a way that as a consequence a fan of water 
magnetisation vectors lies in the XY-plane just prior to the Gaussian flip-back pulse. 
This pulse, which has phase -x, rotates this fan into the XZ-plane. The water 
magnetisation is thus only partially positioned along the +z-axis. The remaining 
transverse water component is subsequently defocused by the second, third and fourth 
gradient. This approach is expected to result in a good solvent suppression, but it is not 
optimal for detecting rapidly exchanging amide protons because only part of the water 
magnetisation vectors lies along the +z-axis prior to acquisition. 
Thanks to the flexibility in choosing both the amplitudes and the positions of the 
second and third gradients in pulse sequences 2C and 2D, these sequences can easily be 
modified in such a way that the water magnetisation is no longer defocused and is 
positioned along the +z-axis at the start of acquisition. Such an optimised doubly 
enhanced pulse sequence is shown in Figure 2E. The second gradient is now placed 
directly in front of the Gaussian water flip-back pulse and is used to refocus the water 
coherence, which was defocused by the first gradient. The Gaussian water flip-back 
pulse subsequently rotates the refocused water coherence to the +z-axis. The third 
gradient can then be used to select the coherences of interest by properly adjusting its 
amplitude. To select a specific coherence pathway, the net phase resulting from the 
gradients incorporated into the pulse sequence has to be zero. We can use the former 
scheme (Eq. [35]) with the new prerequisite Ig2lt2-'8l'tl w ' t n s^ = "s^ t 0 refocus the 
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water coherence. The amplitudes of the first, second and last gradient can be set to fixed 
values, which then determine the amplitude of the third gradient: we choose s3 positive 
and lg3lT3 = + (YH/YN) 'Sl^l + (YH^YN) ^4^4 +/- 'gi^i- Coherence pathway selection can 
now be obtained by permutating the signs of the first, second and last gradients as 
follows: 
NN: s (+,-,+,-) [37a] 
NP: s (+,-,+,+) [37b] 
PN: s (-,+,+,-) [37c] 
PP: s (-,+,+,+) [37d] 
Note that for the NN and NP pathways Ig3lt3 = +(YH^YN) 'gl'Tl + (YH/YN) '84^4 - Igilti 
while for the PN and PP pathways lg3lT3 = +(YH/YN) 'Sl^l + (YH^YN) lg4lT4 + 'gl'^l-
Results and discussion 
With respect to the sensitivity of a 3D TOCSY-HSQC experiment, two main aspects 
are expected to be of importance: (i) the water suppression method and (ii) the 
enhancement resulting from the introduction of the COS-CTs. To investigate how these 
aspects affect the sensitivity, we recorded a set of 2D planes corresponding to the pulse 
sequences shown in Figure 2. The ratios of the corresponding cross-peak amplitudes of 
such 2D spectra give the relative changes in the signal intensities and thereby allow to 
establish the relative importance of the aforementioned aspects. 
Firstly, we consider the effect of the water suppression method. Figure 3A shows the 
'H-JH plane recorded using the doubly enhanced sequence 2E without presaturation 
(but with flip-back pulse). A similar plane, recorded using the doubly enhanced pulse 
sequence 2D but with presaturation, is shown in Figure 3B. The comparison of Figure 
3A with Figure 3B directly demonstrates the drastic increase in signal intensity, 
resulting from the combined effect of (i) exclusion of presaturation and (ii) inclusion of 
the Gaussian flip-back pulse. To estimate solely the effect of presaturation, we recorded 
a 'H-iH spectrum without presaturation (not shown), using the doubly enhanced pulse 
sequence 2E from which the Gaussian flip-back pulse has been removed, and compared 
it to the presaturated spectrum shown in Figure 3B (the Gaussian flip-back pulse in the 
latter sequence causes dephasing of the water magnetisation for any setting of its pulse 
phase; see previous section). The ratios of the corresponding cross-peak amplitudes are 
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*- Fig. 3. Two-dimensional initial planes (tj=0 or t2=0) from 3D TOCSY-HSQC experiments obtained by 
using the sequences in Figure 2 for either a uniformly 5 mM 15N-/13C-labelled (A, B, C and D) or a 3 mM 
uniformly 15N-labelled (E and F) flavodoxin sample. The planes demonstrate the effect of several factors 
on the signal intensities. Firstly, planes A and B demonstrate the combined effect of exclusion of 
piesaturation and inclusion of a Gaussian flip-back pulse on the TOCSY-HSQC experiment. A. 'H-'H 
Plane recorded with sequence 2E (t2=0); no presaturation is used and a Gaussian flip-back pulse is 
included, which positions the water magnetisation along the +z-axis prior to acquisition. B. 'H-'H Plane 
recorded with sequence 2D (t2=0); the solvent is presaturated and the Gaussian flip-back pulse results in 
dephasing of any residual water (see text); for comparison, the contour levels are set to the values used in 
A. Secondly, planes C and D demonstrate the effect of enhancement of the reverse INEPT part on the 
TOCSY-HSQC experiment. C. 'H-15N Plane recorded with the standard non-enhanced sequence 2A 
(tj=0) with presaturation. D. 'H-^N Plane recorded with the singly enhanced sequence 2B (tj=0) with 
solvent presaturation and the phase of the Gaussian flip-back pulse set to x, so that net dephasing of the 
transverse water magnetisation is achieved. For comparison, the contour levels are set to the values used 
in C. Thirdly, planes E and F demonstrate the effect of enhancement of the TOCSY-INEPT part on the 
TOCSY-HSQC experiment. E. 'H-'H Plane recorded with the singly enhanced sequence 2B (t2=0) with 
presaturation. F. 'H- 'H Plane recorded with the doubly enhanced sequence 2D (t2=0) with presaturation; 
for comparison the contour levels are set to the values used in E. All spectra were recorded with the 
following settings: spectral widths of 9615 Hz in the proton dimensions and 2057 Hz in the 15N 
dimension, 512 and 64 complex points in the 'H acquisition and 'H indirect dimension, respectively, and 
32 complex points in the 15N dimension; 32 FIDs were accumulated per increment. All acquired data 
were processed identically. Prior to Fourier transformation, the FIDs were multiplied by a quadratic 
cosine filter in both dimensions and zero-filled. All spectra were acquired on a Bruker AMX2 600 
spectrometer equipped with a triple resonance probehead with a doubly tuned ]H, 13C inner coil and a 
broad band outer coil and a self-shielded z-gradient coil. 
shown in the histogram in Figure 4A. On avoiding presaturation, an average 
improvement of a factor of 1.47 is found for the cross-peak amplitudes in the 1H-1H 
planes. Similarly, we found an average cross-peak amplitude improvement of 1.38 for 
the !H-15N planes (not shown) using the singly enhanced pulse sequence 2B either with 
or without presaturation (note that both spectra were recorded with the phase of the 
Gaussian pulse set to -x, so that no flip-back of the water magnetisation occurred). To 
estimate solely the effect of the water flip-back pulse itself, a comparison was made of 
the iH-'H planes (not shown) recorded using the doubly enhanced sequence 2E, either 
with or without Gaussian flip-back pulse (in both cases water presaturation was 
avoided). The relative peak amplitudes of the cross peaks in the two spectra are shown 
in the histogram in Figure 4B. Only a slight improvement in sensitivity of on average a 
factor of 1.07 results from the inclusion of such a water flip-back pulse. We can thus 
conclude that the omission of presaturation significantly increases the sensitivity, 
whereas the inclusion of a Gaussian flip-back pulse only results in a slight improvement. 
The large effect of the inclusion of presaturation is a result of transfer of saturated 
magnetisation from water protons to NH protons. This exchange takes place during the 
whole relaxation delay period of 1 s. The effect of inclusion of a Gaussian flip-back 
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Fig. 4. Histograms of the relative cross-peak amplitudes (I over II), demonstrating the effects of several 
factors on the signal enhancement of the TOCSY-HSQC experiment. The height of each bar represents 
the number of residues with the indicated relative cross-peak amplitude. The arrows indicate the average 
enhancements obtained. A. The effect of presaturation: sequence 2E without presaturation and without 
flip-back pulse (I) is compared to sequence 2D with presaturation (II); both sequences were used to 
acquire 'H- 'H planes. B. The effect of introducing a Gaussian water flip-back pulse: a comparison of 
sequence 2E with (I) and without (II) Gaussian flip-back pulse. 'H-1!! planes were acquired. Both spectra 
were recorded without presaturation. C. The effect of enhancement of the reverse INEPT part: the singly 
enhanced sequence 2B (I) is compared with the standard non-enhanced sequence 2A (II); 'H-15N planes 
were acquired. Both spectra were recorded with presaturation. D. The effect of enhancement of the 
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TOCSY-INEPT part: the doubly enhanced sequence 2D (I) is compared with the singly enhanced 
sequence 2B (II); 'H-1!! planes were acquired. Both planes were recorded with presaturation. E. The 
effect of enhancement of the TOCSY-INEPT part under exclusion of potential gradient effects (see text): 
the doubly enhanced sequence 2D (I) is compared with the singly enhanced sequence 2C (II); 'H-'H 
planes were acquired. Both planes were recorded with presaturation. F. The effect of the mere inclusion of 
gradients for coherence pathway selection: the singly enhanced sequence 2C (I) is compared with the 
singly enhanced sequence 2B (II); 'H - 'H planes were acquired. Both planes were recorded with 
presaturation. For A, B and C, a uniformly 15N-/13C-labelled flavodoxin sample was used and for D, E 
and F, a uniformly 15N-labelled flavodoxin sample. 
pulse without the use of presaturation is small. The reason for this is that without a flip-
back pulse the defocused water magnetisation recovers relatively quickly due to 
radiation damping (in about 300 to 500 ms). Consequently, the remaining time in the 
relaxation delay suffices for the NH magnetisation to relax back to the +z-axis. 
Secondly, to investigate the effect of the reverse eINEPT part, we compare the *H-
15N plane recorded using the singly enhanced sequence 2B with the one recorded 
employing the standard non-enhanced sequence 2A (using the 15N-/13C-labelled 
flavodoxin sample). The iH-^N planes are shown in Figures 3C and 3D, respectively. 
To correctly estimate the effect of single enhancement, both iH-^N planes were 
recorded with presaturation and with a Gaussian flip-back pulse included, which has a 
phase such that the water coherence is not returned to the +z-axis. In Figure 4C, the 
histogram of the ratios of the cross-peak amplitudes of the two spectra demonstrates the 
effect of enhancement of the reverse INEPT part on the TOCSY-HSQC experiment. As 
can be seen, the peak amplitudes increase significantly on using the singly enhanced 
pulse sequence. The average enhancement factor is 1.55. This factor is lower than the 
theoretically expected maximum of two. Note that in order to establish the improvement 
in signal-to-noise ratio this factor of 1.55 should be divided by 2l/2, since the noise in 
the singly enhanced spectrum is a factor of 21/2 higher than in the standard spectrum, as 
discussed before. 
Thirdly, to investigate the effect of enhancement of the TOCSY-INEPT part on the 
TOCSY-HSQC experiment, we compare ^ ^ H planes recorded using the doubly 
enhanced sequence 2D and the singly enhanced sequence 2B, respectively (with the 
15N-labelled flavodoxin sample). Both spectra were recorded with presaturation to 
ensure a correct comparison. The obtained ' H - ^ spectra are shown in Figures 3F and 
3E, respectively. The ratios of the cross-peak amplitudes of the doubly enhanced 
spectrum and of the singly enhanced spectrum are shown in Figure 4D. Again, a 
significant increase in signal intensity of on average 1.78 is found. 
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Thus, replacing the TOCSY-INEPT sequence and the reverse INEPT sequence by 
their enhanced counterparts which include gradients leads to signal enhancements of 
1.78 and 1.55, respectively. At first sight it seems not surprising that both values are 
lower than the theoretically expected factor of 2, since the enhanced pulse sequences are 
slightly longer and contain more pulses. The lower value of 1.55 obtained for the 15N-
/13C-labelled flavodoxin sample as compared to the value of 1.78 obtained for the 15N-
labelled sample is consistent with the idea that smaller T2 values (in the doubly labelled 
sample) will lead to an increased signal loss. 
To exclude the potential effect of the introduction of gradients on the enhancement 
obtained by replacing the TOCSY-INEPT part by eTOCSY-elNEPT, we recorded a !H-
'H plane with pulse sequence 2C and compared its cross-peak amplitudes with those of 
the ^ - ' H spectrum recorded with sequence 2D (Fig. 3F, using the 15N-labelled 
flavodoxin sample). Since the pulse sequences only differ by the replacement of the 
TOCSY-INEPT sequence (sequence 2C) by an eTOCSY-elNEPT sequence (sequence 
2D), a theoretical signal enhancement of a factor of two is expected. In Figure 4E, the 
ratios of the cross-peak amplitudes are shown. Indeed, now an enhancement factor of 
nearly 2 is observed for the majority of the NH protons (on average a factor of 1.87). 
This demonstrates that the loss in signal intensity due to the presence of additional 
pulses and due to an increase of the total duration of the pulse sequence is rather limited 
for the 15N-labelled sample of this relatively large protein. It also suggests that the mere 
inclusion of gradients for coherence pathway selection leads to a reduction in signal 
intensity. That the latter is true follows from Figure 4F, in which the histogram is shown 
of the ratios of the cross-peak amplitudes obtained with pulse sequence 2C to those 
obtained with pulse sequence 2B. Indeed, a slight but significant decrease of on average 
0.92 is observed. Thus, the mere inclusion of gradients for coherence pathway selection 
leads to a signal loss of about 8%. The previously discussed single enhancement factors 
of 1.55 for the eTOCSY-elNEPT part and of 1.78 for the reverse eINEPT part for the 
15N-/13C-labelled and for the 15N-labelled flavodoxin samples, respectively, are lower 
than the theoretically expected maximum of 2. We now know that these lower values 
are not only due to the lengthening of the pulse sequences, but that they are also partly 
caused by the inclusion of gradients. 
The overall gain in signal intensity on using the doubly enhanced 'H-15N TOCSY-
HSQC sequence (2E) as compared to the standard sequence (2A) can therefore be 
estimated to be 4.98 (= 1.78 * 1.78 * 1.47 * 1.07) and 3.78 (= 1.55 * 1.55 * 1.47 *1.07) 
for the 15N- and 15N-/13C-labelled flavodoxin samples, respectively. To obtain the 
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corresponding signal-to-noise improvements, the gain should be divided by 2. This 
gives overall signal-to-noise enhancements of 2.49 and 1.89, respectively. 
Finally, a high quality 3D spectrum is obtained, as can be inferred from the two slices 
shown in Figures 5A and 5B. 
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Kg. 5. One-dimensional slices through A. F2 = 127.4 ppm and F3 = 5.27 ppm and B. F2 = 128.6 ppm and 
F 3 = 8.70 ppm of the 3D doubly enhanced TOCSY-HSQC spectrum obtained with sequence 2D. A 3 mM 
uniformly 15N-labelled flavodoxin sample was used. 
Conclusion 
We have presented pulse sequences for singly and doubly enhanced 'H-15N 3D 
TOCSY-HSQC experiments and demonstrated their application on both 15N-/13C- and 
15N-labelled samples of the relatively large protein flavodoxin (179 amino acid 
residues). Good artefact and solvent suppression is observed. The singly and doubly 
enhanced 3D TOCSY-HSQC pulse sequences can be set up in such a way that (i) 
presaturation is avoided and that (ii) the water magnetisation vector is not defocused by 
the gradients and lies along the +z-axis just prior to the start of acquisition. This 
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provides optimal sensitivity for rapidly exchanging NH protons. The net overall 
improvement in signal-to-noise ratio with respect to the standard sequence is 2.49 for 
the doubly enhanced version of the pulse sequence using a 15N-labelled flavodoxin 
sample. A significant part of this total improvement, namely a factor of 1.47, stems from 
the elimination of water presaturation. Hence, the net overall gain in signal-to-noise 
ratio resulting from the double enhancement procedure as compared to the standard 
sequence is 1.58, when excluding the effect of water presaturation and of the flip-back 
pulse. This value should be compared to the theoretical maximum enhancement of 2. 
We found that the lower value of 1.58 is partly due to the incorporation of gradients, 
since introduction of the enhanced coherence transfer sequence alone does give an 
enhancement close to the theoretically expected value. 
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4 Apparent local stability of holoflavodoxin as probed by hydrogen exchange 
As a first step to determine the folding pathway of a protein with an a/ft doubly 
wound topology, the 1H, ^N and 13C backbone chemical shifts of Azotobacter 
vinelandii holoflavodoxin II (179 residues) have been determined using multi-
dimensional NMR spectroscopy. Its secondary structure is shown to contain a five-
stranded parallel P-sheet (P2-pl-p3-P4-P5) and five a-helices. Exchange rates for the 
individual amide protons of holoflavodoxin were determined using the hydrogen/ 
deuterium exchange method. The amide protons of 65 residues distributed throughout 
the structure of holoflavodoxin exchange slowly atpH* 6.2 (kex < 10'5 s'1) and can be 
used as probes in future folding studies. The measured exchange rates relate to 
apparent local free energies for transient opening. We propose that the amide protons 
in the core of holoflavodoxin only exchange by global unfolding of the apoform of the 
protein. The results obtained are discussed with respect to their implications for 
flavodoxin folding and for modulation of the flavin redox potential by the apoprotein. 
We do not find any evidence that A. vinelandii holoflavodoxin II is divided into two 
subdomains based on its amide proton exchange rates, as opposed to what is found for 
the structurally, but not sequentially, homologous a//5 doubly wound protein Che Y. 
Introduction 
Since Levinthal speculated about the existence of protein folding pathways 
(Levinthal, 1968), the folding pathways of an increasing number of proteins have been 
studied using a wide variety of biophysical methods (see e.g. Plaxco and Dobson, 1996 
and references therein). Amongst the techniques used, NMR spectroscopy has proven to 
be particularly valuable. Native as well as non-native states of proteins can be studied 
using NMR spectroscopy (Shortle, 1996). It has been demonstrated that hydrogen 
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exchange pulse labelling methods in combination with NMR spectroscopy give detailed 
information about the folding pathways of proteins (Englander and Mayne, 1992; 
Woodward, 1994). In addition, it has recently become possible to follow protein folding 
in atomic detail by using "real time" NMR spectroscopy (Balbach et al., 1995; 1996). 
Despite all the available information, general rules governing protein folding are only 
beginning to emerge (for reviews, see Baldwin, 1995; Miranker and Dobson, 1996; Dill 
and Chan, 1997; Fersht, 1997; Roder and Colon, 1997; Shakhnovich, 1997) and there is 
a strong need to characterise the folding behaviour of additional protein systems to 
obtain a better understanding of the fundamental rules describing protein folding. 
We have chosen Azotobacter vinelandii (strain ATCC 478) flavodoxin II as a model 
protein to study protein folding. A flavodoxin was chosen since it adopts one of the nine 
protein domain superfolds (Orengo et al., 1994), the oc/p doubly wound topology, which 
consists of a five-stranded parallel p-sheet surrounded by a-helices at either side of the 
sheet (Fig. 1) (Ludwig and Luschinsky, 1992 and references therein; Fukuyama et al., 
1992; Rao et al., 1992; Hoover et al., 1994; Thorneley et al., 1994; Burkhart et al., 1995; 
Pollock et al., 1996; Romero et al., 1996). In addition, the good NMR characteristics of 
flavodoxins (solubility, relatively narrow linewidths) allow a detailed structural 
characterisation of these proteins (Stockman et al., 1990; 1993; van Mierlo et al., 1990a; 
Clubb et al., 1991; Knauf et al., 1996; Peelen et al., 1996; Ponstingl and Otting, 1997; 
Zhang et al., 1997) and enable the use of the above-mentioned NMR techniques. 
Fig. 1. Schematic drawing of the topology of long-chain flavodoxins. a-Helices are represented as circles, 
(3-strands as triangles and loops as lines. Note that a long loop (> 20 residues) interrupts P-strand 5; this 
loop is absent in short-chain flavodoxins. 
Flavodoxins are able to function as electron carriers between redox proteins because 
they contain a non-covalently bound FMN molecule (Mayhew and Tollin, 1992). A. 
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vinelandii flavodoxin II (molecular mass 20 kDa) consists of 179 amino acid residues 
and belongs to the class of "long-chain" flavodoxins (Tanaka et al., 1977). When bound 
to the apoprotein, the FMN molecule can exist in three redox states: the oxidised 
flavoquinone, the one-electron reduced flavosemiquinone and the two-electron reduced 
flavohydroquinone. Reported midpoint potentials for the quinone/semiquinone couple 
(Ej) and the semiquinone/hydroquinone couple (£•]) of free FMN are £2,pH7 = "238 mV 
and £iiPH7 = -172 mV (Draper and Ingraham, 1968) and £2,pH7 = "314 mV and E\ pH7 
= -124 mV (Anderson, 1983). These midpoint potentials are £2,pH8.5 = "180 mV and 
EjpHg 5 = -485 mV for FMN bound to A. vinelandii flavodoxin II (Chapter 2). In most 
low-potential oxidation-reduction reactions, FMN in flavodoxins only cycles between 
the semiquinone and the hydroquinone state (Mayhew and Tollin, 1992). Due to their 
low redox potentials, Azotobacter flavodoxins function as electron donors to nitrogenase 
(Yates, 1972; Scherings etal., 1977). 
It has long been known that dimerisation of wild-type A. vinelandii flavodoxin occurs 
both at room temperature and during storage at -20 °C resulting in dimers that lack 
biological activity (Yoch, 1975; Tollin and Edmondson, 1980). Using site-directed 
mutagenesis, we obtained proof that dimerisation occurs via intermolecular disulphide 
bond formation of the single cysteine residue at position 69 (unpublished results). Since 
dimerisation of A. vinelandii flavodoxin II would seriously hamper studies on the 
folding and stability of the protein, we replaced Cys69 by either an alanine or a serine 
residue. Our goal was to create a flavodoxin mutant of which the structure, stability and 
redox potentials are as similar as possible to wild-type flavodoxin. NMR spectroscopy, 
cyclic voltammetry measurements and EPR-monitored redox titrations show that 
replacement of Cys69 in the vicinity of the FMN by either an alanine or a serine residue 
does not alter the dielectric properties and structure of A. vinelandii flavodoxin II 
(Chapter 2). Since C69A holoflavodoxin has the smallest difference in stability as 
compared to the wild-type protein (van Mierlo et al., in prep.) this mutant was used in 
the present study. 
As a first, but crucial, step in the determination of the folding pathway of A. 
vinelandii holoflavodoxin II using NMR spectroscopy, we report in this Chapter its 'H, 
'^N and 13C backbone resonance assignments and its solution secondary structure. 
Three-dimensional triple-resonance NMR studies were performed using both uniformly 
I5N- and 15N-/13C-labelled protein. Furthermore, we took advantage of the hydrogen/ 
deuterium exchange method in characterising the apparent local stability of 
holoflavodoxin. Here we demonstrate that 65 amide protons distributed throughout the 
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structure of holoflavodoxin exchange relatively slowly at pH* 6.2, kex < 10 5 s"1. This 
will enable us to perform hydrogen exchange pulse labelling experiments and to follow 
flavodoxin folding in great detail. 
Theory 
Hydrogen exchange rates can be analysed in terms of a structural unfolding model, in 
which exchange only takes place from an "open" form of the protein, but not from the 
"closed" form (Linderstr0m-Lang, 1955; Hvidt and Nielsen, 1966; Englander and 
Kallenbach, 1984): 
*u *int 
N-H (closed) ^ N-H (open) —•> N-D [1] 
*f 
In this scheme, ku and kf are the local unfolding and folding rates, respectively, and &jnt 
is the intrinsic exchange rate of an amide proton in the open form. The sequence-
specific intrinsic exchange rates for an amide proton, &;nt, can be calculated for each 
protein using the method of Bai et al. (1993). In the EX2 limit (bimolecular reaction), 
which is the dominant mechanism of exchange for most proteins at moderate pH and 
temperature, kf » ku and kf» &jnt. Hence the measured exchange rate, &ex, can be 
written as: 
"•ex = ^u *int ' *f = Kop K,nt [2] 
where Kop is the equilibrium constant for local transient opening of a hydrogen bonded 
site. This equilibrium constant relates to AGop, the structural free energy difference 
between the closed and open states: 
AGop = - * * T * l n * o p = -K*7'*ln(*ex/*i I1t) [3] 
with R, the gas constant and T, the absolute temperature. One of the strengths of the 
hydrogen/deuterium exchange method over equilibrium denaturation techniques lies in 
the capacity to pinpoint local differences in structural free energy. Furthermore, 
exchange of the most protected amide protons has been shown to often occur via global 
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unfolding, in which case AGop approximates AGunf, the global free energy difference of 
unfolding of a protein (Wagner and Wuthrich, 1979; Woodward, 1994; Jeng and Dyson, 
1995; Englander et al., 1996). 
However, in the case of holoflavodoxin, the equilibrium with the apoform of the 
protein has to be considered: 
*off 
holoflavodoxin ^=^ apoflavodoxin + FMN [4] 
in which the dissociation constant, K$, is described by k0ff/ kon. Unfortunately, this 
binding equilibrium complicates the interpretation of the hydrogen/deuterium exchange 
data, since amide proton exchange can occur in either the holo- and/or the apoprotein. 
Since ko{{ = 4.8 * 10-5 s-l an<j £on = 1.1 * 105 M^.s"1 (Pueyo et al., 1996), the observed 
exchange rate for a specific amide proton, £ex, is the sum of the exchange rate of this 
particular proton in both the holo- and the apoprotein fraction: 
h _ f * fcholo + f * J-apo 
"•ex — 1holo "• e x T 1apo "• ex 
=
 Miolo K ° °0p Kjnt + fap„ K P°0p K[nt [5] 
with fh0]0 and fapo, the fractions holo- and apoflavodoxin, respectively, which are 
present in the NMR sample and fcholoex and &aP°ex, the amide proton exchange rate in 
the holo- and apoprotein, respectively. We report in this Chapter the apparent local free 
energy difference of opening for the amide protons in holoflavodoxin, according to: 
ACaPPop = - R * T * In (*ex / Aj,,,) = - R * T * In {fholo * # * % + fapo * K^op} 
[6] 
Results 
Two- and three-dimensional NMR studies were performed using both uniformly 15N-
and 15N-/13C- labelled holoflavodoxin. The corresponding gradient-enhanced !H-15N 
HSQC spectrum of the 179-residue protein is shown in Figure 2 (for reasons of clarity, 
cross peaks are not numbered). The relatively large chemical shift dispersion observed is 
at least partly imposed by the presence of the FMN cofactor. Due to the relatively large 
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Fig. 2. Gradient-enhanced >H-15N HSQC spectrum of 5.2 mM 15N-/13C-labelled A. vinelandii 
holoflavodoxin II in 90% H2O/10% 2 H 2 0 and 150 mM potassium pyrophosphate recorded at pH* 6.0, 
303 K. Garp decoupling of l3C was started shortly before transfer of magnetisation to 15N and lasted until 
the end of the acquisition period. Cross peaks of the indole N-H groups of the three Trp residues and of 
the N(3)H proton of the FMN cofactor are indicated. Horizontal lines connect the side-chain N-H2 
frequencies of the six Asn and the five Gin residues. The three cross peaks assigned to Arg side-chain Ne-
H groups are indicated by *. Overlapping cross peaks are marked by rectangles. 1: Glyl2-Gly97-Glyl76; 
2: Ser9-Thrl30; 3: Asp68-Gln46Ne; 4: Phell7-Asn71N8; 5: Arg24-Asn71N8; 6: Asp32-Asn35N«-
Glnl56Ne; 7: Tyr47-Argl20; 8: Leul49-Glnl56; 9: Ser20-Leu78; 10: Asp27-Ser87; 11: Leul77-
AsnlON6; 12: Asp85-Alal09-Alal65; 13: Asp43-Ala69; 14: Val36-Phe44-Alal66; 15: Lys2-Alal22; 16: 
Phe86-Lysl 18. Folded cross peaks are represented by dotted lines. 
size of the protein, however, several regions of cross-peak overlap occur in the !H-^N 
HSQC spectrum. These regions are marked by rectangles in Figure 2. In addition, the 
side-chain N-H2 groups of the six Asn and the five Gin residues are identified, as are the 
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indole N-H groups of the three Trp residues and the three cross peaks which are 
assigned to Arg side-chain Ne-H groups. The N(3) atom of the FMN cofactor resonates 
at 159.3 ppm and its attached proton at 10.49 ppm. As a consequence of the spectral 
resolution required and the limitation of the total experiment time (Table 1, Materials 
and methods), the N(3)H cross peak is folded in the 15N dimension of the 2D !H-15N 
HSQC experiment (Fig. 2) and in all 3D NMR experiments. The NMR measurements 
were done at pH 6.0 to minimise the rate of amide proton exchange. Consequently, the 
number of amide protons which are observed and which can be used to follow 
flavodoxin folding using hydrogen exchange pulse labelling methods is maximised. 
Below pH 6.0, substantial precipitation of the protein occurred at concentrations suitable 
for NMR experiments. 
Backbone assignments 
The sequential assignment procedure started by picking cross peaks in the !H-l5N 
HSQC spectrum to obtain the *H(i) and the 15N(i) resonance frequencies. Due to 
overlap, less than the expected 173 non-prolyl backbone cross peaks were found. 
However, 172 backbone ^ ( i ) , 15N(i) and 13C°(i-l) correlations could be identified in 
the ct-HNCO spectrum, implying that the correlation for only one residue was missing. 
Using the combination of the CBCANH and the CBCA(CO)NH spectrum, first the 
13C«(i), 13C«(i-l), 13CP(i) and 13CP(i-l) frequencies were determined. Note that, in 
some cases, overlap hampered this procedure. Second, both spectra were used to make 
sequential assignments to correlate residue(i) with its preceding residue(i-l). In many 
cases, the 13Ca(i-l) and 13CP(i-l) resonances were not unique, resulting in a number of 
possible connecting residues. However, the sequential assignment for large stretches of 
the amino acid sequence was possible by making use of the characteristic 1 3C a and/or 
13CP chemical shifts of glycine, alanine, threonine and serine residues in the CBCANH 
spectrum (Grzesiek and Bax, 1993b). Figure 3 shows the sequential connectivities of 
residues Thr56 - Glu61 in the 'H-15N strips along the 13C axes of the CBCA(CO)NH (I) 
and CBCANH (II) spectra. Due to the cancellation of the 1 3 C a and 13CP cross-peak 
intensities of some Thr and Ser residues in the CBCANH spectrum, the HNCA 
spectrum was useful to ascertain the position of the 13Ca(i) frequencies. Inspection of 
the 13C°(i-l) and 13C°(i) correlations in the ct-HNCO and HN(CA)CO spectra resolved 
all previously existing ambiguities and resulted in the complete 'HN , 15N, 13Ca, 13CP 
and 13C° assignments. The 1 3C° and 1 3 C a chemical shifts of the first residue, Alal, 
were determined using the 'H-15N correlation of Lys2. It appears that no *HN and 15N 
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assignments can be found in any of the above-mentioned experiments for residue 
Glyl58, although its 13C° and 1 3 C a chemical shifts could be determined using the lH-
15N correlation of Lysl59. 
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Fig. 3. 'H-^N strips along the 13C axes of the CBCA(CO)NH (I) and CBCANH (II) spectra of 15N-/13C-
labelled A. vinelandii holoflavodoxin II in 90% H2O/10% 2 H 2 0 , pH* 6.0, 303 K. Sequential 
connectivities of Thr56 - Glu61 are indicated by horizontal lines. Negative intensities are represented by 
dotted lines. 
The HBHA(CO)NH spectrum was used to assign the ' H a resonances for all residues, 
except for those of the five residues preceding a proline and residues Serl57 and 
Leul79. The !H a resonance assignments were confirmed and completed using the 
HNHA spectrum. The 1 H a resonance of Serl57 was present in the HNHA spectrum, 
albeit very weak, whereas the 1Hct resonance of Alal72 was determined solely by 
relying on the 15N-NOESY-HSQC and 15N-TOCSY-HSQC/HMQC spectra. The 
HBHA(CO)NH spectrum, in combination with the HNHB, 15N-NOESY-HSQC and 
15N-TOCSY-HSQC/HMQC spectra, led to the assignment of the 'HP resonances. The 
^Ha and *HP resonance frequencies of residue Thrl30 appear to overlap. The only 
residue for which no 'HP assignment could be found is Leul49. It is perhaps noteworthy 
Apparent local stability of holoflavodoxin as probed by hydrogen exchange 57 
that the 1Hct chemical shift of Leul49 is 2.80 ppm; therefore, it is possible that the 
chemical shifts of the 'HP protons of Leul49 overlap with that of its 1 H a proton. The 
side-chain N-H2 groups of six Asn en five Gin residues and the indole N-H groups of 
the three Trp residues were assigned using the 15N-NOESY-HSQC spectrum. The 15N, 
•HN 13C«, lHa, 13CP, W and 13C° resonance assignments are listed in Appendix I of 
this thesis. 
Secondary structure 
The NMR data and the deduced secondary structure of holoflavodoxin are 
summarised in Figure 4. Sequential and medium-range NOE connectivities are taken 
from a 50-ms 15N-NOESY-HSQC and a 75-ms 15N-HMQC-NOESY-HMQC spectrum. 
The 3JHN-H« coupling constants for 109 residues were determined using the HNHA 
spectrum. Only slowly exchanging amide protons (log(fcex) < -5, see below) are 
indicated in Figure 4. The consensus chemical shift index (CSI) as shown in Figure 4 
was calculated using the chemical shift information of the 1H a , 1 3C a , 1 3C° and 13CP 
resonances (Wishart et al., 1992; Wishart and Sykes, 1994). Helical regions are 
identified by relatively strong djvjN(i,i+l) contacts, relatively weak d^i,;+!) contacts, the 
presence of docN(i,i+3) contacts, 3JnN-Ha < 6 Hz and a negative CSI, whereas (3-strands 
are characterised by relatively weak d[sjN(i,i+l) contacts, relatively strong daN(jj+i) 
contacts, 3JHN.H« > 8 HZ and a positive CSI (Wuthrich, 1986; Wishart and Sykes, 1994). 
Furthermore, it is expected that stable secondary structure elements are characterised by 
relatively slow amide proton exchange behaviour. As indicated in Figure 4, five P-
strands and five a-helices are identified in holoflavodoxin. The topology of the five-
stranded parallel p-sheet (p2-pi-p3-P4-P5) expected for a flavodoxin was confirmed by 
the presence of long-range NOEs between backbone atoms (Fig. 5). 
From the NOE contacts and hydrogen/deuterium exchange data, we conclude that the 
hydrogen bonding network between strands P2 and P1 is irregular and that strand P2 
contains a two-residue p-bulge. As can be seen, strand P5 is, in fact, composed of two 
parts, P5a and P5b, which are separated by a 23-residue loop. The presence of this loop 
is characteristic of "long-chain" flavodoxins. Although residues 133 - 139 in this 23-
residue loop are characterised by a positive CSI, no long-range NOEs between the 
backbone atoms of these residues and backbone atoms in any strand of the parallel p-
sheet are found and the corresponding 3JHN-H<X values are smaller than 8 Hz for all but 
one residue. Similarly, no NOE contacts between backbone atoms of residues 38 - 40 
and backbone atoms in the central parallel P-sheet could be identified, although these 
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Fig. 4. Summary of NMR data obtained on A. vinelandii holoflavodoxin II. Sequential and medium-range 
NOE connectivities are classified into strong, medium and weak as indicated by the bar size. Small grey 
bars represent ambiguities due to spectral overlap. 3JHN-H« Coupling constants are classified as ( • ) < 6 
Hz; (H) 6-8 Hz; (•) > 8 Hz. Slowly exchanging amide protons (log(£e!() < -5) are marked by black dots. 
Grey dots represent amide protons for which the exchange rates could not be determined. The consensus 
CSI is positive for P-sheet and negative for a-helical conformations, respectively (Wishart et al., 1992; 
Wishart and Sykes, 1994). Deduced secondary structure elements are indicated above the amino acid 
sequence. 
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Fig. 5. Topology of the five-stranded pVsheet of A. vinelandii holoflavodoxin II. Solid arrows indicate 
unambiguous NOE contacts; dashed arrows represent NOE contacts which are ambiguous due to spectral 
overlap. Weak daN(i i+1) contacts are not shown. Hydrogen bonds as expected from slow amide proton 
exchange and NOE contacts are indicated by lllllll. Exchange of the amide protons of Lys2, Val36 and 
Leul49 indicated to be slow is uncertain due to spectral overlap. 
residues probably form a short extended structure since they are characterised by strong 
daN(i,i+l) contacts, a positive CSI and large 3JHN_H<X values. Strands (32 and p5b were not 
identified via the CSI, although the A 1 3 C° chemical shifts did identify these regions as 
being (3-sheet. From Figure 4, we can conclude that the prediction of secondary structure 
elements in holoflavodoxin by the CSI was more successful for the five a-helical 
regions than for the regions comprising P-strands. Our results seem to support the 
observation that a-helices are better defined by the A 1 3 C a chemical shift than p-strands 
(Remerowski et al., 1994). 
FMN binding and tertiary contacts 
Besides the general topology, some features of the tertiary structure of 
holoflavodoxin could relatively easily be identified using the NOE contacts of the 
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N(3)H proton of the FMN cofactor and the NOE contacts of the indole N-H protons of 
the three tryptophan residues. 
NOEs were observed between the N(3)H proton of the FMN cofactor and the amide 
protons of both Leul07 and Aspl08, the lHa proton of Tyrl06, the JHP atom of Thr56, 
a *HP atom of both Tyrl02 and Asnl05 and the methyl group of Thr56. These NOEs 
define the FMN binding site around the N(3)H proton of FMN. 
The NOE contacts of the indole proton of Trp74 with the amide proton of Gly8, the 
lHa proton of Phe7 and both the lHa and *HP proton of Thr54 show that helix oc3 is 
situated close to the C-terminal end of strands (31 and (33. 
The NOE contacts of the indole N-H atoms of the remaining two tryptophan residues 
in combination with a careful inspection of the NOE contacts of the backbone atoms of 
residues 126 - 148 revealed several features of the 23-residue loop. First, an NOE 
between the amide protons of Trpl28 and Phel46 shows that these atoms are in close 
proximity to each other. Second, the amide protons of residues 133-138 are all in close 
proximity of a side-chain ring proton of Trpl28, which explains the positive CSI 
observed for these residues. Third, several long-range NOE contacts anchor the loop to 
the rest of the molecule. The indole proton of Trpl28 shows an NOE to the amide 
proton of Alal50, a residue situated in strand |35b, whereas the indole proton of Trpl67, 
a residue situated in helix oc5, shows NOE contacts to the 1Hot protons of Gly 126 as well 
as to the amide proton of Leul49, the first residue of strand (35b. Fourth, several 
intraloop NOEs are found. As deduced from the NOE interactions between residues 
Vall41, Vall42, Lysl45, Phel46 and Vall47, residues 140 - 147 are involved in a short 
antiparallel (3-sheet structure. The latter is supported by the large 3JHN.HO values of 
residues 141, 142 and 145 and the slow amide proton exchange behaviour of residues 
140, 141, 146 and 147 (Fig. 4). In addition, no significant differences between cross-
peak linewidths of backbone atoms of the loop residues and those of the remainder of 
the molecule were observed. All results support the conclusion that the 23-residue loop 
is structurally well defined and packed onto the remainder of the molecule. 
Hydrogen/deuterium exchange kinetics and apparent local stability 
The exchange rates for the individual amide protons were extracted from the time 
dependence of their corresponding cross-peak intensities in a series of !H-15N HSQC 
spectra acquired after transfer of the lyophilised protein into 2H20 (150 mM potassium 
pyrophosphate, pH* 6.2 and 303 K). The !H-15N HSQC spectra of 4.3 mM uniformly 
15N-labeIled holoflavodoxin were recorded over a 42-hour period. Both the first and the 
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Kg. 6. Gradient-enhanced 'H-15N HSQC spectra of 4.3 mM l5N-labelled A. vinelandii holoflavodoxin II 
(in 150 mM potassium pyrophosphate, pH* 6.2, 303 K) acquired A. 10 minutes and B. 42 hours after 
transfer of the lyophilised protein into 99.9% 2H20. The folded N(3)H cross peak of the FMN cofactor is 
indicated by an arrow in both spectra. 
last !H-1 5N HSQC spectrum recorded are shown in Figure 6. Thirty-six amide protons 
of holoflavodoxin exchanged so rapidly in 2 H 2 0 that no exchange rate could be 
determined {ktx >~ 10"2 s_1). In contrast, 54 amide protons did not show any decrease 
in cross-peak intensity over 42 hours (fcex < ~ 10-7 s_1), as can be inferred from Figure 6. 
For 57 amide protons, a single exponential decay function (Eq. [9]) could be fitted to the 
time dependence of their corresponding cross-peak intensities and individual amide 
proton exchange rates were determined. As an example, the decrease in cross-peak 
intensity with time of the N(3)H proton of the functionally important FMN cofactor is 
shown in Figure 7. The N(3)H proton exchanged slowly, fcex = 7.3 * 10~6 s_1. Due to 
spectral overlap, the exchange rates of 25 backbone amide protons were not determined. 
Of the side-chain N-H protons, the cross-peak intensities of the indole protons of Trp74 
and Trpl67 did not decrease in 42 hours, whereas the indole proton of Trpl28 
exchanged slowly (fcex = 2.0 * 10"5 s_1). Other side-chain N-H protons were already 
exchanged in the first !H-15N HSQC spectrum recorded after initiation of exchange. 
The logarithm of the exchange rate as a function of residue number is shown in 
Figure 8A. Using Equation [6], the AGaPPop value for each residue (Fig. 8B) was 
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Fig. 7. Time-dependent decrease in 'H-15N cross-peak intensity of the N(3)H proton of the FMN cofactor 
(indicated by an arrow) after transfer of A. vinelandii holoflavodoxin II into 99.9% 2H20. Intensities were 
normalised to the intensity of the first data point. The solid line is a least-squares fit of a single 
exponentially decaying function to the data with kex = 7.3 * 10"6 s"1. 
calculated; values vary from 2.7 kcal.moH to 8.7 kcal.moH. The A^PP™ value for the 
amide protons which exchanged too fast to be observed in the first !H-15N HSQC 
spectrum was set to 1.36 kcal.mol'1, whereas the AGaPP™ value for amide protons 
which had not exchanged in 42 hours was estimated to be > - 9.54 kcal.mol"1. The 
log(£ex) and AGaPPop values for all residues are given in Appendix II of this thesis . 
In general, the most stable regions of holoflavodoxin coincide with the identified 
secondary structure elements, whereas the less stable regions are the loop and turn 
elements. This is illustrated in Figure 9 (page 67), which shows the crystal structure of 
the highly homologous Azotobacter chroococcum flavodoxin (Thorneley et al., 1994) 
colour-coded according to the exchange behaviour of the corresponding amide protons 
in A. vinelandii holoflavodoxin II. Bearing in mind that the first three N-terminal amide 
protons in an a-helix are generally not hydrogen bonded, we can conclude from Figures 
8 and 9 that helices oc2 and oc3 are structurally less stable than the other a-helices of 
holoflavodoxin. Not surprisingly, the two outer strands of the P-sheet, f$2 and (35, are 
less stable than the three inner strands, since only half of the amide protons of the outer 
strands are involved in hydrogen bonds within the P-sheet (Fig. 5). 
As discussed, the 23-residue loop intersecting strand P5 (residues 126 - 148) is 
structurally well defined and packed onto the remainder of the molecule. This loop is 
also relatively stable as the amide protons of Trpl28, Alal40, Vall41, Phel46, Vall47 
and Glyl48 exchange with kex < 10"5 s_1 and as the majority of the remaining amide 
protons show intermediate exchange. In holoflavodoxin, most loops connecting an a-
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helix to a p-strand or vice versa consist of six or less residues. These short loops are all 
characterised by fast amide proton exchange. The loops connecting strand p3 with helix 
oc3 (residues 57 - 72, 60's loop) and strand 04 with helix oc4 (residues 99 - 108, 100's 
loop) are relatively long (Fig. 9). Whereas all amide protons in the 60's loop exchange 
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Kg. 8. Logarithm of A. the amide proton exchange rate and B. the calculated apparent free energy 
difference AGaPPop (298K) versus residue number in A. vinelandii holoflavodoxin II. For amide protons 
which exchangee! so rapidly that they were not observed in our experiments in 2 H 2 0 (150 mM 
pyrophosphate, pH* 6.2, 303 K), log(/cex) was set to -2.00 (and AGaPPop to 1.36 kcal.mol1). For amide 
protons which had not exchanged in 42 hours, log(Aex) was set to -7.00 (and AGaPPop to 9.54 kcal.mor1). 
Due to spectral overlap, the exchange rates of 25 backbone amide protons could not be determined. 
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Discussion 
Structure of holoflavodoxin 
The NMR results presented here (Figs. 4, 5) delineate the a/p doubly wound 
topology (Fig. 1) for A. vinelandii holoflavodoxin II: a central five-stranded parallel f$-
sheet (P2-(3l-P3-P4-p5) which is surrounded by five a-helices. Note that helix oc2 has 
not always been identified in flavodoxin structures, since it mostly occurs as a short 
non-regular oc-helix or as a 3io-helix. Hence, the flavodoxin topology has often been 
described as a central parallel P-sheet which is surrounded by two a-helices at either 
side of the sheet (Mayhew and Tollin, 1992). 
The two outer strands P2 and P5 of the five-stranded P-sheet are irregular. Strand p2 
contains a two-residue p-bulge which has so far only been identified in the flavodoxins 
of Chondrus crispus (Fukuyama et al., 1992) and of A. chroococcum (Peelen et al., 
1996). Strand p5 is interrupted by a 23-residue loop characteristic of long-chain 
flavodoxins; nonetheless, the hydrogen bonding pattern between strands P4 and p5 does 
not seem to be interrupted. As noted previously (Smith et al., 1983; Grandori and Carey, 
1994), the insertion of the 23-residue loop in long-chain flavodoxins occurs at the 
position in which an irregularity or a p-bulge interrupts the hydrogen bonding network 
between strands P4 and P5 in short-chain flavodoxins (Burnett et al., 1974; van Mierlo 
et al., 1990c; Watt et al., 1991; Knauf et al., 1993). It is tempting to speculate that this 
has some evolutionary implications, e.g. that the irregularity and the P-bulge are 
reminiscent of the 23-residue loop in long-chain flavodoxins. 
No 'H N and 15N resonance assignments were made for Alal and for Glyl58, 
although the chemical shifts for the 13C atoms and attached lH atoms of both residues 
could be determined using the 'H-15N correlation of the following residue. A recent 
NMR study on A. chroococcum flavodoxin shows that the amide proton of the 
equivalent Glyl59 residue is likewise not observed (Peelen et al., 1996). The most 
plausible explanation for the absence of the Glyl58 cross peak in the !H-15N HSQC 
spectrum seems that the amide proton exchanges too rapidly with the solvent to be 
observed. This view is supported by the crystal structure of Anabaena 7120 flavodoxin 
(Rao et al., 1992) in which the equivalent amide proton (Grandori and Carey, 1994) is 
not hydrogen bonded and directly accessible to the solvent. In addition, the amide 
proton is positioned at the N-terminus of helix oc5 and thus experiences the positive 
electric field of the a-helix dipole which may effect its exchange rate. 
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The NMR studies on long-chain flavodoxins from A. 7120 (Stockman et al., 1990), 
Anacystis nidulans (Clubb et al., 1991), A. chroococcum (Peelen et al., 1996) and 
Escherichia coli (Ponstingl and Otting, 1997) show that the resonance frequency of the 
amide proton of the residue corresponding to Alal50 in A. vinelandii holoflavodoxin II 
is always upfield shifted to around 5.3 ppm. Alal50 is part of strand (35 (Fig. 5), 
however, its amide proton points away from strand (34 towards Trpl28 as is reflected in 
the observation of an NOE contact with the indole proton of the aromatic ring. The local 
stability around the amide proton of Alal50 must be rather high, since its cross-peak 
intensity has not decreased after 42 hours in 99.9% 2H20. In the crystal structure of A. 
7120 flavodoxin, the amide proton of the equivalent alanine residue points directly into 
the jr-electron density of the aromatic ring. Rather pronounced upfield chemical shifts 
caused by amide protons having a hydrogen bond with a tyrosine aromatic side chain 
have been observed in a number of other proteins, a.o. BPTI (van Mierlo et al., 1992; 
Kemmink et al., 1993). We propose the presence of a hydrogen bond between the amide 
proton of Alal50 and the aromatic side chain of Trpl28 in holoflavodoxin. Another 
observation which holds for all long-chain flavodoxins studied by NMR spectroscopy so 
far is that the ^W- proton of the preceding residue, Leul49 in A. vinelandii 
holoflavodoxin II, is shifted upfield to chemical shift values below 3 ppm. Such an 
upfield shift can be explained by the nearby presence of two tryptophan residues 
(Trpl28 and Trpl67, A. vinelandii flavodoxin numbering) (Clubb et al., 1991). The 
pronounced upfield chemical shifts of both Leul49 1Htx and Alal50 'HN in these long-
chain flavodoxins illustrates the conservation of the electronic micro-environment 
around Trpl28, Leul49, Alal50 and Trpl67. 
FMN binding site characteristics 
Many interactions exist between the non-covalently bound FMN cofactor and the 
apoprotein. The nucleotide phosphate binding motif S/T-X-T-G-X-T, which is 
conserved in the entire flavodoxin family, is located at the end of strand (31 and the 
beginning of helix a l . The measured 3JHN-H« values for residues AsnlO (10.7 Hz), 
Thrll (10.7 Hz), Lysl3 (5.8 Hz) and Thrl4 (3.8 Hz) are in accordance with the typical 
<|)A|/ values found for residues forming this loop conformation (Swindells, 1993) 
(unfortunately, the 3JnN_Ha value for residue Glyl2 could not be determined due to 
spectral overlap). As can be deduced from the extreme downfield shifts of the amide 
protons of AsnlO, Thrll, Lysl3 and Thrl4 in A. vinelandii holoflavodoxin II, these 
amide protons are involved in a hydrogen bonding network with the phosphate group of 
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the FMN cofactor. However, the rapid amide proton exchange behaviour of residues 10, 
11 and 13 indicates that the phosphate binding site in holoflavodoxin is locally not very 
stable. 
The isoalloxazine ring of the FMN cofactor is in contact with two different regions of 
the apoprotein which form the FMN binding site: (i) residues situated at the end of 
strand (33 (here: amongst others Thr56) and (ii) residues in the loop between strand p4 
and helix oc4 (here: amongst others Tyrl02 - Aspl08, 100's loop). In most flavodoxins, 
the isoalloxazine ring is bracketed by two aromatic side chains (Grandori and Carey, 
1994): a tryptophan ring is located at the side of the ribityl side chain of the FMN and a 
tyrosine ring is nearly coplanarly stacked at the other side of the isoalloxazine ring. In 
all flavodoxin structures, the dimethyl benzene edge is exposed to the solvent, whereas 
the pyrimidine part of the flavin ring is buried in the protein. Hence, electrons are 
thought to be transported to and from the isoalloxazine ring via the solvent-exposed 
dimethyl benzene edge. 
Interestingly, the "conserved" tryptophan residue is replaced by a leucine residue 
(Leu57, A. vinelandii flavodoxin numbering) in flavodoxins from Azotobacter, 
Klebsiella pneumoniae and Enterobacter agglomerans. Apparently, the presence of an 
aromatic ring at this position is not a prerequisite to acquire a low E\ redox potential, 
because the E\ redox potentials of Azotobacter flavodoxins are among the lowest in the 
flavodoxin family. Concomitantly, the loop between strand (33 and helix a3 is inserted 
by a few extra residues (roughly residues 65 - 70, 60's loop). Recently, Peelen et al. 
(1996) found that residues Ser67 and Asn71 (A. vinelandii flavodoxin numbering) in the 
60's loop in A. chroococcum flavodoxin are involved in the interaction with the Fe 
protein of the vanadium nitrogenase complex. The fast amide proton exchange 
behaviour of residues in the 60's loop observed by us implies that all amide protons are 
solvent accessible and/or this loop locally unfolds. Cys69 (A. vinelandii flavodoxin 
numbering) located in the 60's loop of K. pneumoniae flavodoxin can be post-
translationally modified by attachment of coenzyme A via a mixed disulphide bond, a 
process proposed to be part of a regulatory mechanism for electron transfer to 
nitrogenase (Thorneley et al., 1992; 1994). Since residues 67 - 71 in the 60's loop are 
located near the dimethyl benzene part of the isoalloxazine ring (Thorneley et al., 1994; 
see Fig. 9), all findings support the hypothesis that the 60's loop in Azotobacter, K. 
pneumoniae and E. agglomerans flavodoxins is not an important determinant for the 
redox potential regulation but that this loop is involved in the interaction with a specific 
redox partner thus enabling and/or optimising the transfer of electrons. 
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60's loop 
100fs loop 
Fig. 9. RasMol cartoon drawing (Sayle and Milner-White, 1995) of the crystal structure of A. 
chroococcum flavodoxin (Thorneley et al., 1994). The structure is coloured according to the exchange 
behaviour of the corresponding backbone amide protons in the highly homologous A. vinelandii 
holoflavodoxin II (pH* 6.2, 303 K). Red indicates amide protons which exchanged so rapidly that they 
were not observed in our experiments in 2 H 2 0 (log(&ejl) ^ -2); green indicates amide protons with -5 < 
k>g(£ex) < -2; blue indicates amide protons which had not exchanged after 42 hours in 99.9% 2 H 2 0 or 
which exchanged very slowly (log(fcex) < -5); yellow indicates that the exchange rate could not be 
determined for a residue. Note that the N(3)H proton of the FMN cofactor exchanges very slowly, log(tex) 
= -5.14. However, for reasons of clarity, the cofactor is depicted in black. 
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Tyrl02 in the 100's loop of A. vinelandii flavodoxin II is conserved within a large 
part of the flavodoxin family. We observe an NOE contact between the N(3)H proton of 
FMN and a !HP atom of Tyrl02. The N(3)H proton also shows NOE connectivities to 
residues Asnl05, Tyrl06, Leul07 and Aspl08 in the 100's loop. The amide protons of 
most residues in this loop did not exchange in 42 hours in 99.9% 2H20 and the N(3)H 
proton exchanges rather slowly (fcex = 7.3 * 10~6 s-1). This implies that the 100's loop 
surrounding the pyrimidine part of the FMN molecule forms a structurally stable unit. 
From a comparison with known flavodoxin structures and sequences, we infer that the 
N(3)H proton of FMN forms a hydrogen bond with the carbonyl oxygen of Asnl05. 
NMR studies on A. vinelandii apoflavodoxin II have shown that large parts of the 
apoprotein have essentially identical conformations as in holoflavodoxin. In contrast, 
several amino acid residues in apoflavodoxin exhibit an increased flexibility, as deduced 
from the observed exchange broadening of cross peaks in the 'H-^N HSQC spectrum. 
The increased flexibility is ascribed to residues forming the FMN binding region (van 
Mierlo et al., 1997). The determination of the solution secondary structure and hydrogen 
exchange behaviour of A. vinelandii apoflavodoxin II will reveal whether the 100's loop 
is flexible with hydrogen bonded amide protons or whether removal of the flavin leads 
to the closure of this part of the FMN binding site as was observed in the crystal 
structure of A. 7119 flavodoxin (Genzor et al., 1996). 
Apparent local stability of the secondary structure of holoflavodoxin 
The most stable and regular a-helices in holoflavodoxin are helices a l and a5 which 
face the same side of the hydrophobic central parallel |3-sheet (Figs. 4, 8 and 9), 
although some dispute about the beginning and the end of the a-helices is possible. 
Most likely, the regular helix a5 ends before Prol73, while the remainder of the C-
terminal residues form an additional 3io-helical structure. Helix a 2 has been 
characterised by dotn(i,i-i-3) contacts, small 3JjjN_Ha values and a negative CSI (Fig. 4). 
However, the fast amide proton exchange behaviour shows that the local stability of this 
secondary structure element is rather low. Similarly, helix a3 is not very stable 
structurally since it is characterised by only two slowly exchanging amide protons. 
Furthermore, the unusually high 3JHN_H« value of Ile81 points to an irregularity in this 
a-helix. The fast exchange of the amide proton of Glull2 in helix a4 and the 
intermediate 3JHN.HO value of this residue and Phel 17 indicate that helix a4 is not 
completely regular either. 
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A study to determine the cc-helical content in free peptides encompassing four ct-
helices of Clostridium flavodoxin showed that helices <xl, oc4 and a5 have a higher cx-
helical content than helix oc3 (a peptide encompassing helix a2 was not made since this 
a-helix is not regular in this flavodoxin) (Mufioz et al., 1995). Our observation that 
helices a l , a 4 and a5 are more stable than helices cc2 and <x3 in A. vinelandii 
holoflavodoxin II might be a general feature of all flavodoxins, although it is probably 
not a general feature of all proteins sharir•»• the a/p" doubly wound topology (Mufioz ct 
al., 1995). 
The central five-stranded parallel (3-sheet consists mainly of hydrophobic residues 
and forms the stable core of the protein. The amide protons of almost all of these 
residues, which are involved in the hydrogen bonding network, do not show any 
exchange after 42 hours in 99.9% 2 H 2 0 . The apparent local stability difference, 
AG*PPop, of residues in the flavodoxin core is > ~ 9.5 kcal.mol"1. Exchange of the most 
protected amide protons has been shown to often occur via global unfolding, in which 
case AGop approximates AGunf, the free energy difference of unfolding of a protein 
(Wagner and Wiithrich, 1979; Woodward, 1994; Jeng and Dyson, 1995; Englander et 
al., 1996). We propose that kinetic and equilibrium global unfolding of holoflavodoxin 
only occurs after release of the FMN cofactor. This means that exchange of amide 
protons within the core of the protein with the solvent is only possible from the apoform 
of the protein. Consequently, £holo0p (Eq. [6]) will equal zero for these amide protons 
and Equation [6] can be rewritten to: 
AG"PPop = - R * 7" * In fapo * KaPuop = - R * T * In {Kd I [FMN]} + AGaP°op 
[7] 
Using the known dissociation constant for flavin release of A. vinelandii flavodoxin 
(Pueyo et al., 1996), AGaP°op is determined to be > - 4.7 kcal.mol-1. This agrees with 
the free energy difference of global unfolding of A. vinelandii apoflavodoxin II of 6.2 + 
0.2 kcal.mol"1, which is determined via guanidinium hydrochloride induced equilibrium 
denaturation of apoflavodoxin followed by both fluorescence and CD spectroscopy (van 
Mierlo et al., submitted). For the amide protons in holoflavodoxin not belonging to the 
stable core of the protein, it is not possible, at this point, to distinguish whether the 
measured amide proton exchange takes place in the holo- and/or the apoprotein. 
Analogous to the amide proton exchange behaviour in holoflavodoxin (Eq. [5]), 
hydrogen/deuterium exchange of the N(3)H proton of the FMN cofactor can occur in 
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two distinct situations: (A) when the FMN cofactor is free in solution and/or (B) when it 
is bound to the apoprotein and local unfolding movements make the N(3)H amenable to 
hydrogen exchange: 
*
N(3)Hex = fFMN * *N ( 3 ) H i„ , + fholo * *h0l0ex 
= fFMN * *N(3)Hint + fholo * ^ o l ° o p * *N ( 3 ) H i„ , M 
with fpMN'tne fraction free FMN in solution and ^ 3 ^ H i n t , the intrinsic exchange rate of 
the N(3)H proton in free FMN. If we assume that the N(3)H proton of FMN only 
exchanges with the solvent when the cofactor is free in solution, &N(3)Hjnt is calculated 
to be 0.02 s"1. Since exchange can, in principle, occur in both situation A and situation 
B, this calculated value of 0.02 s_1 represents the upper limit for fcN^Hinf For 
comparison, calculated values of £,nt for amide protons vary roughly between 0.3 s"* and 
17 s_1 under our experimental conditions. The fact that amide protons of many residues 
in the 100's loop surrounding N(3)H exchange significantly slower than the N(3)H 
proton of the FMN cofactor itself, although their £;nt values are equivalent or larger than 
£N(3)H.nt; suggests that (i) the observed N(3)H proton exchange takes mainly place 
while FMN is free in solution (situation A) and that (ii) many amide protons of residues 
in the 100's loop are to a large extent protected against hydrogen exchange in the 
apoprotein. 
Implications for redox potential regulation 
Both the E\ and the Ej redox potential of flavodoxins are regulated by specific 
interactions between the FMN cofactor and apoflavodoxin. A few factors are known to 
influence the E\ redox potential. For example, a single negative charge from either an 
acidic side-chain group or from the 5'-phosphate group of the FMN cofactor both within 
13 A of the Nl atom of FMN contributes -15 mV to the E\ redox potential in 
Desulfovibrio vulgaris flavodoxin (Zhou and Swenson, 1995; 1996a), whereas the 
unfavourable coplanar stacking of the conserved tyrosine side chain with the flavin ring 
contributes -140 mV to the £j redox potential in this protein (Stockman et al., 1994; 
Swenson and Krey, 1994; Zhou and Swenson, 1996b). Furthermore, it is thought that a 
non-polar environment of the two-electron reduced hydroquinone anion destabilises this 
oxidation state (van Mierlo et al., 1990b; Zhou and Swenson, 1996b). 
Our finding that the N(3)H proton does probably not exchange when the cofactor is 
bound to apoflavodoxin indicates that this region of the FMN binding site is highly 
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solvent inaccessible. The solvent inaccessibility of the non-polar environment around 
N(3) could at least in part establish the low E\ redox potential of A. vinelandii 
holoflavodoxin II (£i)PH8.5 = -485 m; Chapter 2). A comparison of the N(3)H proton 
exchange behaviour in the oxidised state and the E\ redox potential of flavodoxins from 
other organisms shows, as yet, no simple and straight-forward relation. The 
hydrogen/deuterium exchange behaviour of the N(3)H proton of the FMN cofactor is 
reported to be slow in A. 7120 flavodoxin (Stockman et al., 1988), moderate in A. 
nidulans flavodoxin (Clubb et al., 1991) and fast in D. vulgaris flavodoxin (Stockman et 
al., 1993), whereas their £i,PH7 redox potentials are -425 mV, -447 mV and -438 mV, 
respectively. This illustrates that most likely a different interplay of various interactions 
between the FMN cofactor and apoflavodoxin optimises the functional E\ redox 
potential in each flavodoxin species. 
The function of the 23-residue insertion in strand P5 in long-chain flavodoxins 
remains unclear and certainly no distinction between long-chain and short-chain 
flavodoxins can be made on basis of their respective E\ redox potentials. We propose 
that the presence of the 23-residue loop enhances the structural stability of A. vinelandii 
holoflavodoxin II, since it specifically enables the 100's loop to form a rigid and stable 
hydrogen bonding network with the FMN cofactor. In the semiquinone state, this could 
result in an enhanced binding and thus a more negative E\ redox potential or, 
alternatively, an enhanced structural stability of holoflavodoxin in the two-electron 
reduced state might be necessary to keep the reduced FMN cofactor bound. This 
hypothesis can also explain our results that removal of the 23-residue loop in A, 
vinelandii flavodoxin II by site-directed mutagenesis does not lead to any detectable 
flavodoxin accumulation in E. coli cells. 
Implications for flavodoxin folding 
The chemotactic protein Che Y shares the a/fi doubly wound topology with the 
flavodoxin family although little or no significant sequence homology can be detected 
between these proteins (Bowie et al., 1990). The structure of the transition state for 
unfolding of Che Y, as determined via mutational studies and O-value analysis (Lopez-
Hernandez and Serrano, 1996; Lopez-Hernandez et al., 1997), can be divided into a 
partly folded subdomain 1 (comprising the first half of the protein: (31, a l , p2, a2 and 
p3) and a disorganised subdomain 2 (comprising the second half of the protein: P3, oc3, 
P4, a4, p5 and oc5) (see Fig. 1). Hydrogen/deuterium exchange measurements on Che Y 
indicate that amide protons in subdomain 1 are generally more protected against 
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exchange and that subdomain 2 is characterised by a rather poor overall stability and 
increased flexibility (Bruix et al., 1997). Our results on an a/(i doubly wound protein do 
not support the latter observation. We do not find any evidence that A. vinelandii 
holoflavodoxin II is divided into two subdomains based on its amide proton exchange 
rates (see Figs. 8 and 9). It will thus be very interesting to determine the amide proton 
exchange behaviour of the apoflavodoxin. A study of the kinetic folding pathway of A. 
vinelandii holo- and apoflavodoxin II will conclusively reveal whether flavodoxin 
folding is also initiated by the nucleation and condensation of subdomain 1, as has been 
proposed for the structurally homologous protein Che Y (Lopez-Hernandez and Serrano, 
1996; Bruix et al., 1997). 
Conclusion 
In this study, the 15N, !HN, 13C«, lUa, 13CP, JHP and 13C° resonance assignments 
of A. vinelandii holoflavodoxin II are presented (Appendix I). Furthermore, the 
determination of the solution secondary structure of holoflavodoxin has established the 
expected oc/p doubly wound topology and unravelled its FMN binding characteristics. 
Our results of the hydrogen/deuterium exchange experiment indicate that the 
backbone amide protons of 65 residues and three indole side-chain protons in A. 
vinelandii holoflavodoxin II exchange relatively slowly (kex < 10"5 s-1), thus ensuring 
that it is feasible to perform hydrogen exchange pulse labelling experiments to study the 
folding pathway of this protein by NMR spectroscopy. Since the slowly exchanging 
amide protons are located in all regular secondary structure elements (with the exception 
of helix oc2), as well as in the 23-residue loop intersecting strand p5 and in the 100's 
loop surrounding the N(3)H proton of the FMN cofactor, it should be possible to study 
the folding kinetics of A. vinelandii holoflavodoxin II in great structural detail. 
Materials and methods 
Materials 
Recombinant A. vinelandii (strain ATCC 478) C69A holoflavodoxin II was 
expressed in E. coli TG2 (van Mierlo et al., submitted). Uniformly 15N-labelled protein 
was produced by growing bacteria for 40 hours at 37 °C on minimal medium containing 
0.5 g.L"1 15NH4C1 (Campro Scientific, Veenendaal, NL), 6 g.L"1 Na2HP04, 3 g.L-1 
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KH2P04 , 0.5 g.L-1 NaCl, 2 mM MgS04, 0.1 mM CaCl2, 10 \M FeCl3, 5 mg.L-1 
thiamine, 3 g.L-1 glucose, 50 mg.L"1 Amp and 20 mg.Lr1 IPTG. 
15N-/13C-labelled protein was produced by growing E. coli TG2 for 30 hours at 37 
°C on medium containing 2 g.L"1 uniformly 13C-labelled sugars and 1 g.L"1 uniformly 
13c-/15N-labelled pepton (EMBL-mix, J. Ashurst and H. Oschkinat, EMBL, GE), 8 
g.L-1 Na2HP04, 2 g.L"1 KH2P04, 0.5 g.L"1 NaCl, 0.3 mM NajSC^, 1 mM MgS04, 0.3 
mM CaCl2, 5 mg.L"1 thiamine, E. coli trace elements (EDTA, FeCl3, ZnCl2, CuCl2, 
CoCl2.6H20, H3BO3, MnCl2.H20), 50 mg.L1 Amp and 20 mg.L"1 IPTG. 
Purification and sample preparation 
Holoflavodoxin was purified as described by Tollin and Edmondson (1980). 
Uniformly 15N-labelled holoflavodoxin was transferred to a potassium pyrophosphate 
buffer via gel filtration. After subsequent lyophilisation, the protein was dissolved in 
500 11L 90% H20/10% 2H20 to yield a 3.5 mM protein solution in 150 mM potassium 
pyrophosphate, pH* 6.0. Uniformly 15N-/13C-labelled holoflavodoxin was transferred to 
a potassium pyrophosphate buffer via gel filtration and subsequently concentrated via 
ultra-filtration using a Filtron microsep centrifugal concentrator. The final 500-^L 
sample contained 5.2 mM protein in 150 mM potassium pyrophosphate in 90% 
H2O/10% 2H 20, pH* 6.0. TSP was always present in minute amounts as an internal 




All experiments were recorded at 303 K on a Bruker AMX 500 or a Bruker AMX2 
600 spectrometer equipped with either a triple-resonance 5-mm inverse probe or a triple-
resonance 5-mm inverse probe with a self-shielded z-gradient. Presaturation of the water 
signal was employed during the 1.25-s relaxation delay period for the non-gradient-
enhanced NMR experiments. No presaturation was used during the relaxation delay 
period in the gradient-enhanced experiments. 
15N decoupling during acquisition was accomplished using the GARP sequence with 
a 1.4-kHz rf field strength (Shaka et al., 1985). On the Bruker AMX 500 spectrometer, 
off-resonance excitation of the 13C nucleus was accomplished by the application of 
phase-modulated pulses with an amplitude profile corresponding to the centre lobe of a 
sine function (Patt, 1992). Unless stated otherwise, standard de- and rephasing delays 
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were used in the heteronuclear pulse sequences. The 'H carrier frequency was 
positioned at the water resonance during the experiments, unless stated otherwise. The 
15N carrier position was at 118 ppm. Depending on the experiment, the 13C carrier was 
placed in the middle of the C a region (at 77 ppm), in the middle of the 13C° region (at 
183 ppm) or in the middle of the 13C°V13CP region (at 45 ppm). 
Quadrature detection in all indirect dimensions was accomplished using the 
STATES-TPPI method (Marion et al., 1989a) for the non-gradient-enhanced 
experiments, whereas for the gradient-enhanced experiments this was obtained by 
alternate N- and P-type selection (Kay et al., 1992) for each sensitivity-enhanced 
indirect dimension (Cavanagh & Ranee, 1990; Palmer III et al., 1991; Chapter 3). 
Pulsed-field gradients have a sine-bell shape, with a duration of either 1 ms or 0.5 ms 
and gradients strengths are set to 80 and 16, respectively, where a gradient strength of 
100 corresponds to ca. 60 G.cnr1 at the centre of the gradient. 
Multidimensional NMR experiments 
!H-15N Correlations were obtained using a gradient-enhanced lH-15N HSQC 
(Palmer III et al., 1991; Kay et al., 1992) experiment, which employs a selective 
Gaussian water flip-back pulse (Stonehouse et al., 1994), and a ct-HNCO (Grzesiek and 
Bax, 1992a; Jahnke and Kessler, 1994) experiment. Sequential assignments were made 
using a CBCANH (Grzesiek and Bax, 1992b) experiment in combination with a 
gradient-enhanced CBCA(CO)NH (Grzesiek and Bax, 1992c; Peelen et al., 1996) 
experiment as well as a ct-HNCO experiment in combination with a ct-HN(CA)CO 
(Clubb et al., 1992) experiment, respectively. The ct-HN(CA)CO experiment was 
modified to include a DIPSI2 proton decoupling sequence (Shaka et al., 1988) between 
the refocused INEPT and the refocused reverse INEPT transfer periods. To complete the 
assignments of all backbone atoms, a ct-HNCA (Grzesiek and Bax, 1992a) experiment 
and a gradient-enhanced HBHA(CO)NH experiment (Grzesiek and Bax, 1992c; 1993b; 
Peelen et al., 1996) were acquired. In the indirect 'H dimension of the HBHA(CO)NH 
experiment, the carrier was positioned in the middle of the amide region. A 3D gradient-
enhanced HNHB (Archer et al., 1991) experiment was recorded to unequivocally assign 
some 'HP resonances. 
Three-dimensional '5N-separated NOESY-HMQC (Marion et al., 1989b) and 
HMQC-NOESY-HMQC (Frenkiel et al., 1990; Ikura et al., 1990) spectra were acquired 
using mixing times of 50 ms and 75 ms, respectively. In the NOESY-HMQC 
experiment, gradients were used to destroy both the water signal and unwanted 
coherences (Vuister et al., 1993). In the HMQC-NOESY-HMQC experiment, no 
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gradients were applied and, hence, the water signal was saturated during both the mixing 
period and the relaxation delay period. A 3D 15N-separated TOCSY-HMQC (Marion et 
al., 1989b) experiment was acquired using a 25.8-ms clean-DIPSI2 mixing sequence 
(Cavanagh and Ranee, 1992). Furthermore, a doubly sensitivity-enhanced 3D 15N-
separated TOCSY-HSQC experiment was recorded on 15N-/13C-labelled 
holoflavodoxin using a 47-ms DIPSI3 sequence (Shaka et al., 1988) of 8.7 kHz for !H-
JH TOCSY transfer (Chapter 3). 
3
^HN-H" Coupling constants were determined from a 3D HNHA (Vuister and Bax, 
1993) experiment, employing a correction factor of 1.2. Water was presaturated during 
the relaxation delay since no gradients were implemented in the pulse sequence. 
Furthermore, the proton carrier frequency was positioned in the centre of the amide 
region, except during presaturation and acquisition in which its position coincided with 
the water frequency. 
Additional acquisition parameters for the multidimensional NMR experiments are 
provided in Table 1. 































































































































































Data processing and analysis 
NMR data were processed on Silicon Graphics Indigo II workstations using Felix 
version 2.3 (Biosym Technologies, San Diego, CA, USA). FIDs (of the acquisition 
dimension) were multiplied by a Gaussian function and zero-filled to IK prior to Fourier 
transformation. In all indirect dimensions, data were apodised using a 90° shifted sine-
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bell squared window function and zero-filled to the next power of 2 prior to Fourier 
transformation. When necessary, a FLATT baseline correction was applied to the 
transformed data (Giintert and Wiithrich, 1992). The spectra were analysed using the 
program XEASY (ETH, Zurich, Switzerland; Bartels et al., 1995). The !H chemical 
shifts were referenced using internal TSP as a standard and pH-corrected values are 
reported here in ppm relative to DSS. 15N And 13C chemical shifts were referenced 
indirectly using the consensus E ratios of 0.101329118 and 0.251449530 for 15N and 
13C, respectively (Wishart et al., 1995). A consensus CSI for assigning protein 
secondary structure was calculated using the CSI program (Wishart et al., 1992; Wishart 
and Sykes, 1994). Figure 4 was made with help of the program Tablenoe written by 
Bruno Kieffer (Strasbourg, France). 
Hydrogen/deuterium exchange experiments 
A 500-|O.L sample of uniformly 15N-labelled holoflavodoxin in 150 mM potassium 
pyrophosphate pH* 6.0 was lyophilised, reconstituted in 99.9% 2H20 (Isotec Inc., USA) 
and centrifuged to remove aggregates. The final sample contained 4.3 mM 
holoflavodoxin and the pH* of the sample was 6.2. The first gradient-enhanced !H-15N 
HSQC experiment, which was sensitivity optimised by employing a selective Gaussian 
water flip-back pulse (Palmer III et al., 1991; Kay et al., 1992; Stonehouse et al., 1994), 
was started 10 minutes after initiation of exchange. The spectra were acquired at 303 K 
on a Bruker AMX 500 spectrometer over a 42-hour period. Data were acquired with 512 
complex points in t2 and with 128 complex points in tj, spectral widths were 8065 Hz 
and 1863 Hz in t2 and tj, respectively. Each individual experiment lasted about 11 
minutes. The data were zero-filled to obtain a final point-to-point resolution of 2 Hz in 
F2 and 1 Hz in Fi, respectively, apodised using a Gaussian multiplication in t2 and a 90° 
shifted sine-bell squared window function in tj, respectively, Fourier transformed and 
baseline corrected in both dimensions using the FLATT procedure (Giintert and 
Wuthrich, 1992). 
Hydrogen /deuterium exchange data analysis 
Peak intensities were measured in XEASY (Bartels et al., 1995) as the maximum 
intensity of each individual cross peak in a !H-15N HSQC spectrum. A single 
exponential decay function (Eq. [9]) was subsequently fitted to the time-dependent 
cross-peak intensities, using KaleidaGraph version 2.1.3 (Abelbeck, Synergy Software, 
Reading, PA, USA), to determine the amide proton exchange rate, kex: 
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I(t) = I(°°) + I(0)*exp(-* e x*t) [9] 
The variable time t comprises the time between the addition of 2H20 to the 
lyophilised holoflavodoxin and the beginning of each individual *H-15N HSQC 
experiment, 1(0) is the cross-peak intensity at time zero and I(°°) is the cross-peak 
intensity at the infinity time point. At least 10 exchange data points per individual amide 
proton were used. A least-squares fit of Equation [9] to these exchange data gave kex 
and the corresponding standard error value. Standard errors obtained in this way were 
generally less than 5% of the kex values obtained. However, the standard errors for kex 
values ranging from 10"2 s_1 to 10"4 s_1 were between 10% - 20%. The latter is due to 
the limited number of data points which had a cross-peak intensity above noise level. 
For amide protons that did not exchange completely within 42 hours and for which the 
infinity time-point was not well-determined, the decay curve was fitted using a final 
intensity of zero. 
AGaPPop values were determined from the observed rate constants, kex, and the 
intrinsic chemical exchange rates, kmt, using Equation [6]. The intrinsic exchange rates 
were calculated using free peptide exchange rates, which were corrected for the effects 
of the local amino acid sequence and calibrated for the pH and the temperature of our 
exchange experiment, as described by Bai et al. (1993). 
Acknowledgements 
We thank Frank Vergeldt for assistance with computers, Sjaak Peelen for modifying Felix macros, 
Lars Ridder for his help in awk-programming and Jos Buijs for stimulating and helpful discussions. The 
600-MHz NMR data were acquired at the SON/NWO National HF-NMR Facility in Nijmegen, The 
Netherlands. We collaborated with Sybren Wijmenga to record and modify some of the reported 3D NMR 
experiments. Furthermore, we thank B Kieffer (Strasbourg, France) for sharing his program Tablenoe 
with the NMR community. The research of CPM van Mierlo has been made possible by a fellowship of 
the Royal Netherlands Academy of Arts and Sciences. 
Publication 
This Chapter has been accepted for publication in a slightly modified version and is reprinted with 
permission from Cambridge University Press: 
Steensma E, Nijman MJM, Bollen YJM, de Jager PA, van den Berg WAM, van Dongen WMAM, van 
Mierlo CPM. 1998. Apparent local stability of the secondary structure of Azotobacter vinelandii 
holoflavodoxin II as determined by hydrogen exchange: Implications for redox potential regulation and 
flavodoxin folding. Protein Sci 7: 306-317. 
5 Structural characterisation of apoflavodoxin 
The structural characteristics of Azotobacter vinelandii apoflavodoxin II have been 
determined using multidimensional NMR spectroscopy. Apoflavodoxin has a stable, 
well-ordered core but its flavin binding region is flexible. The local stability of 
apoflavodoxin was probed using hydrogen/deuterium exchange measurements. The 
amide proton exchange rates of apoflavodoxin suggest that the structured part of an 
equilibrium folding intermediate comprises at least residues in strands fil, /}3, /34 and 
p5a and in helices <x4 and 06. We propose that it is a general feature offlavodoxins that 
the stable nucleus resides in the C-terminal part of these proteins. The results on 
flavodoxin are compared with those on two sequentially unrelated proteins sharing the 
flavodoxin-like fold: Che Y and cutinase. It is shown that the stable nucleus is found in 
different parts of the flavodoxin-like topology. If folding of flavodoxin is initiated with 
the collapse of the stable nucleus, as has been found for several other proteins, the 
folding pathways of structurally homologous proteins seem to be unrelated as well. 
Introduction 
In contrast to most protein folds, the flavodoxin-like fold is shared by many (i.e. 
nine) superfamilies (Brenner, 1997). These nine superfamilies exhibit little or no 
sequence similarity and comprise a broad area of unrelated proteins with different 
functions like catalases, chemotactic proteins, lipases, esterases and flavodoxins. They 
are all characterised by a five-stranded parallel p-sheet (order P2-pi-P3-p4-P5) 
surrounded by oc-helices at either side of the sheet (Fig. 1). Studies on these structurally, 
but not sequentially, related proteins are pre-eminently suitable to study the protein 
folding problem (Creighton, 1992; 1994). For example, little is known about whether 
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Fig. 1. Topology of the flavodoxin-like fold: a-helices are represented as circles, fi-strands as triangles 
and loops as lines. 
the stable nucleus is similar in structurally homologous proteins from different 
superfamilies, i.e. whether it resides in equivalent secondary structure elements. In this 
thesis, we define the stable nucleus as the most stable part of a protein topology 
consisting of one or more secondary structure elements. 
We have chosen Azotobacter vinelandii (strain ATCC 478) flavodoxin II (179 amino 
acid residues, 20 kDa) as a protein with the flavodoxin-like topology to study protein 
folding (Chapters 1 and 4). The good NMR characteristics of flavodoxins (solubility, 
relatively narrow linewidths) (van Mierlo et al., 1990a; 1990b) allow a detailed 
structural characterisation of these proteins. NMR spectroscopy has proven to be 
particularly valuable to study protein folding. Native as well as non-native states of 
proteins can be studied using this technique (Shortle, 1996 and e.g. van Mierlo et al., 
1992) and it has been demonstrated that hydrogen exchange pulse labelling methods in 
combination with NMR spectroscopy give detailed information about the folding 
pathways of proteins (Englander and Mayne, 1992; Woodward, 1994). 
Flavodoxins function as low-potential one-electron carriers using a non-covalently 
bound FMN cofactor which can exist in three redox states. The tertiary structure of 
holoflavodoxin is the archetypal example of proteins with the oc/p doubly wound 
topology (Orengo et al., 1994). Compared to the wealth of structural information on 
holoflavodoxins, relatively little is known about the three-dimensional structures of 
apoflavodoxins. Incorporation of a cofactor, however, can significantly alter the 
structure and stability as well as the dynamics of a protein. The characterisation of the 
apoform of the protein is required to be able to compare the inherent structure and 
inherent stability of flavodoxin with those of members of other superfamilies sharing the 
flavodoxin-like fold. Detailed structural information concerning the apoprotein is also 
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imperative for an understanding of the changes taking place upon binding of the 
cofactor during the final stages of flavodoxin folding. Despite the increasing attention in 
recent years for the occurrence of protein folding intermediates, comparable structural 
studies on apoflavoproteins are still scarce (Sandalova and Lindqvist, 1993; Baldwin et 
al., 1995; Genzoret al., 1996). 
In this study, we report for the first time the detailed structural characteristics of an 
apoflavodoxin in solution. Three-dimensional NMR measurements were done using 
15N-labelled A. vinelandii apoflavodoxin II. To prevent complications due to 
intermolecular disulphide bridge formation, we use the C69A mutant as the pseudo 
wild-type protein (Chapter 2). The local stability of apoflavodoxin is determined using 
hydrogen/deuterium exchange measurements. The results on apoflavodoxin are 
compared with those on two sequentially unrelated proteins sharing the flavodoxin-like 
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Fig. 2. A 500-MHz gradient-enhanced 'H-15N HSQC spectrum of A. vinelandii apoflavodoxin II (left) 
and of A. vinelandii holoflavodoxin II (right). 
Multidimensional NMR experiments were performed using uniformly 15N-labelled 
A. vinelandii apoflavodoxin II (Table 2, Materials and methods). Upon removal of the 
FMN cofactor from the holoprotein, several cross peaks arising from amide groups in 
the flavin binding region of the protein shift drastically (Fig. 2). The regions of overlap 
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in the lH-15N HSQC spectrum of apoflavodoxin are marked in Figure 3 (for reasons of 
clarity, cross peaks are not numbered). In addition, the side-chain N-H2 protons of Asn 
















Fig. 3. Gradient-enhanced 'H-15N HSQC spectrum of 2 mM 15N-labelled A. vinelandii apoflavodoxin II 
in 90% H2O/10% 2 H 2 0 and 150 mM potassium pyrophosphate recorded at pH* 6.0, 303 K. Cross peaks 
of the indole N-H groups of the three Trp residues are indicated. Horizontal lines connect the side-chain 
N-H2 frequencies of five Asn and four Gin residues. The three cross peaks assigned to Arg side-chain NE-
H groups are indicated by *. Overlapping cross peaks are marked by rectangles. 1: Ser20-Lys23-Phel75; 
2: Leul49-Glnl56; 3: Asp27-Ser87; 4: Vall64-Serl78; 5: Tyrl33-Glnl70; 6: Glu28-Alal65; 7: Lys2-
Alal22; 8: Leu96-Tyrl06-Glul 12. Negative intensities are represented by dotted lines. 
Structural characterisation ofapoflavodoxin S3 
In the gradient-enhanced !H-15N HSQC spectrum of apoflavodoxin (Fig. 3), we 
could roughly identify 150 of the expected 173 ^Nft), 15N(i) non-prolyl backbone 
cross peaks. Approximately 40 1HN and 15N resonance frequencies were assigned using 
the chemical shift data of holoflavodoxin. The 3D HNHA spectrum enabled the 
identification of 1H(X resonance frequencies and resolved several cases of overlap in the 
!H-15N HSQC spectrum. Via mutual comparison of the HNHA spectrum of holo- and 
of apoflavodoxin another 40 residues were assigned. Sequential contacts observed in a 
'H-^N HMQC-NOESY-HSQC spectrum ascertained the assignments made and led to 
the identification of another 20 residues. As a result, the C-terminal part of the protein 
(comprising helices oc4 and oc5, strands (35a and (35b and almost all residues in the 23-
residues loop which separates both parts of strand p5) was largely assigned. However, at 
this stage only parts of strands pi , P2, P3 and P4 and of helices otl, oe2 and cc3 were 
identified. The combined use of HNHA, HNHB, iH-^N TOCSY-HMQC and iH-^N 
NOESY-HSQC spectra led to the determination of the majority of the 1Hot and lH$ 
resonance frequencies. Additional sequential assignments were made using the contacts 
Thr90 Val91 Ala 92 Leu 93 Phe94 Gly95 
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*H (ppm) 
Fig. 4. 'H-15N Strips along the 'H axes of the NOESY-HSQC (I) and HNHA (II) spectra of A. vinelandii 
apoflavodoxin II. Sequential connectivities of Thr90-Gly95 are indicated by horizontal lines. Negative 
intensities are represented by dotted lines. Sample conditions: see legend of Figure 3. 
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observed in the lH-15N NOESY-HSQC spectrum (Fig. 4). In total 134 ! H - ' 5 N 

















Fig. 5. Temperature-dependent line-broadening of several 'H-15N HSQC cross peaks of A. vinelandii 
apoflavodoxin II (indicated by arrows). Sample conditions: see legend of Figure 3. 
The lineshapes of several !H-15N cross peaks strongly depend on temperature (Fig. 
5). Under our experimental conditions (30 °C, pH* 6), 20 !H-15N cross peaks could not 
be assigned, 10 of which are broadened in their 15N dimension. No !H-15N cross peaks 
were observed for 19 residues in the !H-15N HSQC spectrum. These residues are 
expected to exchange between different conformations with an exchange rate such that 
the corresponding amide cross peaks become undetectable. No 'H-15N backbone 
correlations were identified in the flavin binding region of apoflavodoxin: (i) Phe7, 
positioned at the end of strand pi ; (ii) Ser9-Argl5, which form the phosphate binding 
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loop; (iii) Leu34-Ser40, which are the C-terminal residues of strand |}2 and the 
succeeding loop residues; (iv) Thr54-Pro79, which comprise the FMN binding region 
around Thr56 (the 60's loop) and the N-terminal part of helix a 3 in holoflavodoxin 
(however, !H-15N correlations were identified for Asp68-Glu70 and Trp74, the latter 
residue could be tentatively assigned via its spin system characteristics and NOE 
information); (v) Asp98, situated at the end of strand (34 (Gln99 was tentatively 
assigned); (vi) Leul07-Alal09, which are at the end of the 100's loop and surround the 
FMN N(3)H atom in holoflavodoxin; (vii) Gly 158, of which the !H-15N correlation was 
neither found in holoflavodoxin (due to chemical shift overlap, the lH-^N correlations 
of Glnl56 and Serl57 could only be tentatively assigned). The indole N-H groups of the 
three tryptophan residues of apoflavodoxin (Trp74, Trpl28 and Tip 167) were assigned 
via mutual comparison of the NMR data of apo- and holoflavodoxin. Nine side-chain N-
H2 groups of the six Asn and five Gin residues of apoflavodoxin were identified in the 
NMR spectra. Of these, the cross peaks arising from the side-chain atoms of Asn35 and 
Asn37 are severely broadened in their 15N dimension. The conformational exchange 
these residues are subjected to probably affects the whole region of the molecule as we 
could neither identify the backbone resonances for residues Leu34-Ser40. Most likely 
the resonances of the side-chain N-H2 groups of Asn 10 and Gln99 are also undetectable 
due to conformational exchange. 
We have assigned at least one backbone and/or side-chain resonance for 150 residues 
of apoflavodoxin. The 15N, JHN , 1H(X and ! H P resonance assignments are listed in 
Appendix III of this thesis. 
Secondary structure and tertiary contacts 
The NMR data obtained on apoflavodoxin are summarised in Figure 6. Sequential 
and medium-range NOE connectivities are taken from a 50-ms 15N-NOESY-HSQC and 
a 75-ms 15N-HMQC-NOESY-HSQC spectrum. 3JHN-H<* Coupling constants for 68 
residues were determined using the HNHA experiment. Only the most slowly 
exchanging amide protons (log(£ex) < -5) are indicated in Figure 6. The chemical shift 
index (CSI) was calculated using the chemical shift information of the lVLa resonances 
only (Wishart et al., 1992; Wishart and Sykes, 1994). As shown in Figure 6, five (3-
strands and five a-helices are identified in apoflavodoxin. For comparison, the 
secondary structure elements of holoflavodoxin are also shown. 
Helical regions are identified by relatively strong dNN(, i+i) contacts, relatively weak 
d(xN(i,i+l) contacts, the presence of daN(,4+3) contacts, 3JHN.H« < 6 HZ and a negative 
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Fig. 8. RasMol cartoon drawing (Sayle and Milner-White, 1995) of the crystal structure of Anabaena 
7119 apoflavodoxin (PDB code: 1FTG). The structure is coloured according to the ' H a chemical shift 
differences (A5) between the holo- and apoform of the highly homologous A. vinelandii flavodoxin II. 
Blue: A8<0.1ppm 
Red: A8>0.1ppm 
Grey: residues of which the ' H a proton could not be assigned. 
Dynamical exchange between different conformations occurs in the flavin binding region of the molecule 
which is coloured red and grey. 
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Fig. 11. RasMol cartoon drawing (Sayle and Milner-White, 1995) of the crystal structure of A. 7119 
apoflavodoxin (PDB code: 1FTG). The structure is coloured according to the exchange behaviour of the 
backbone amide protons of the highly homologous A. vinelandii apoflavodoxin II. 
Red: log(*ex)>-2 
Green: -5 < log(&ex) < -2 
Blue: log(*ex)<;-5 
Yellow: overlap of 'H-15N HSQC cross peaks 
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Fig. 6. Summary of NMR data obtained on A. vinelandii apoflavodoxin II. Sequential and medium-range 
NOE connectivities are classified into strong, medium and weak as indicated by the bar size. Residues for 
which no 'H-15N correlation was identified are shown with their one-letter code in white-on-black and 
residues for which the 'H-15N correlations were tentatively assigned are indicated by an asterisk above 
their one-letter code. Small grey bars represent ambiguities due to spectral overlap. 3JHN.H« Coupling 
constants are classified as ( • ) < 6 Hz; (H) 6-8 Hz; (•) > 8 Hz. Slowly exchanging amide protons 
(log(&ex) < -5) are marked by black dots. The CSI as deduced from the 'H™ chemical shifts is positive for 
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P-sheet and negative for a-helical conformations, respectively (Wishart et al., 1992; Wishart and Sykes, 
1994). Deduced secondary structure elements of apoflavodoxin are indicated above the amino acid 
sequence. For comparison, secondary structure elements as identified for holoflavodoxin (Chapter 4) are 
also shown. 
CSI. P-Strands have relatively weak dNN(i,i+i) contacts, relatively strong dcxN(i,i+l) 
contacts, 3JHN-H« > 8 HZ and a postitive CSI (Wuthrich, 1986; Wishart and Sykes, 
1994). As expected, the stable secondary structure elements show relatively slow amide 
proton exchange behaviour. Long-range NOEs identified the presence in apoflavodoxin 
of a five-stranded parallel p-sheet with the P2-pl-P3-p4-P5 topology (Fig. 7); note 
however, that strand p2 is comprised of only two residues. The CSI failed to identify 
strands P2 and p5b, helix oc3 and the N-terminal part of helix oc5. However, when the 
CSI of holoflavodoxin is only based on lH(x chemical shifts an identical result is 
obtained. The positive CSI observed for the regions Tyrl02-Asnl05 and Tyrl33-Glul39 
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Fig. 7. Topology of the five-stranded P-sheet of A. vinelandii apoflavodoxin II. Solid arrows indicate 
unambiguous NOE contacts; dashed arrows represent NOE contacts which are ambiguous due to spectral 
overlap. Hydrogen bonds as expected from slow amide proton exchange and NOE contacts are indicated 
by lllllll. The residues depicted in black are characterised by AGop > 6.2 kcal.mol"1. 
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Residues Glyl26-Glyl48, which separate strands p5a and (35b, form the 23-residue 
loop characteristic for long-chain flavodoxins. In apoflavodoxin, this loop is structurally 
well defined and packed onto the remainder of the molecule in essentially the same way 
as was found in holoflavodoxin (Chapter 4): (i) the amide protons of Trpl28 and 
Phel46 have an NOE contact; (ii) an NOE between the indole proton of Trpl28 and the 
amide proton of Alal50 is observed; (iii) the indole proton of Trpl67 shows NOE 
contacts to the 1 H a protons of Gly 126 as well as to the amide proton of Leu 149; and (iv) 
residues Alal40-Vall47 form a short antiparallel P-sheet structure (as is deduced from 
the observed NOE interactions, from the small 3JHN.H<X value of Gly 144 in combination 
with the large 3JHN-H« values of Alal40-Vall42 and Lysl45 and from the relatively 
slow amide proton exchange behaviour of residues Alal40-Vall42 and Lysl45-
Vall47). 
Over 80% of the assigned 1H<X, !HN and 15N A. vinelandii apoflavodoxin II 
resonance positions (Appendix III) are identical to those of the holoprotein (Chapter 4; 
Appendix I). This is illustrated in Figure 8 (page 86) in which the crystal structure of the 
highly homologous A. 7119 apoflavodoxin (PDB code: 1FTG) is colour-coded 
according to the iHa chemical shift differences (A8) between A. vinelandii holo- and 
apoflavodoxin II. The sequence alignment of Grandori and Carey (1994) was used to 
find the corresponding residues in A. vinelandii flavodoxin II (compared to A. 7119 
flavodoxin, A. vinelandii flavodoxin II contains a one-residue insert in the loop between 
helix a l and strand p2 and an eight-residue insert in the loop between strand P3 and 
helix a3). 
The amide proton of Ala 150 and the 1 H a proton of the preceding residue Leu 149 
have characteristic chemical shift frequencies in holoflavodoxin which are preserved in 
apoflavodoxin. The resonance frequency of the amide proton of Alal50 is shifted 
upfield to 5.26 ppm for holoflavodoxin (Chapter 4; Appendix I) and to 5.24 ppm for 
apoflavodoxin (Appendix III), respectively. In both holo- and apoflavodoxin Alal50 is 
part of strand p5 (Chapter 4: Fig. 5 and Chapter 5: Fig. 7, respectively), however, its 
amide proton points away from strand P4 towards Trpl28 as is reflected in the 
observation of an NOE contact with the indole proton of the aromatic ring in either 
protein. In Chapter 4, we proposed that the presence of a hydrogen bond between the 
amide proton of Alal50 and the aromatic side chain of Trpl28 was responsible for the 
rather pronounced upfield chemical shift of the amide proton. Apparently, this special 
hydrogen bond to an aromatic side chain is also present in apoflavodoxin. Furthermore, 
the ' H a proton of the preceding residue Leu 149 is shifted upfield to 2.80 ppm in holo-
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and 2.86 ppm in apoflavodoxin, respectively. As in holoflavodoxin (Chapter 4), the 
nearby presence of two tryptophan residues (Trp 128 and Trpl67) in apoflavodoxin is 
thought to be responsible for this (Clubb et al., 1991). The conservation of the 
pronounced upfield chemical shifts of both Leul49 lUa and Alal50 !HN in holo- and 
apoflavodoxin indicate that the electronic micro-environments around Trpl28, Leul49, 
Alal50 and Trp 167 are identical in both proteins. 
The observed NOE connectivities and the available chemical shift information (Fig. 
8) show that large parts of the tertiary structure of holo- and apoflavodoxin are strictly 
conserved. 
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Fig. 9. Gradient-enhanced 'H-1 5N HSQC spectra of 2 mM uniformly 15N-labelled A. vinelandii 
apoflavodoxin II (150 mM potassium pyrophosphate, pH* 6.2 and 303 K) acquired A. 12 minutes and B. 
51 hours after transfer of the lyophilised protein into 99.9% 2H 20. 
The 'H-'SN HSQC spectra of 2 mM uniformly 15N-labelled apoflavodoxin were 
recorded over a 5-day period starting 12 minutes after transfer of lyophilised 
apoflavodoxin into 2H20 (Fig. 9). For 57 amide protons, a single exponential function 
(Eq. [5]) could be fitted to the time-dependent cross-peak intensities (Fig. 10) to 
determine their exchange rates, kex (Table 1). The cross-peak intensities of the amide 
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protons of both Tyrl 14 and Phel 17 did not decrease over the 5-day period (&ex < ~ 10"7 
s"l). Due to spectral overlap, the exchange rates of 24 backbone amide protons could not 
be determined. However, we infer that the exchange rates of Ile3, Gly4, Phe25, Lys89, 
Leu96, Vall64 and of Alal66 are of the order 1(H - lO5 s_1 and even slower for 
Phel 16. The remaining assigned and all unassigned amide protons of apoflavodoxin 
exchanged too rapidly to be measured using the hydrogen/deuterium exchange method 
(*e 10~2 s_1). The indole protons of Trp74, Trpl28 and Trpl67 exchanged with ke 
of 9.3 * 10"5 s"1, 6.3 * 1(H s"1 and 2.0 * 10"5 s"1, respectively. Other side-chain N-H 
protons were already exchanged in the first !H-15N HSQC spectrum recorded after 
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Fig. 10. Time-dependent decrease in ]H-15N HSQC cross-peak intensity of A. the indole proton of 
Trpl28 and of the backbone amide protons of residues B. Thr90, C. Val91 and D. Phel 17 after transfer of 
A. vinelandii apoflavodoxin II in 99.9% 2H20. Intensities are normalised to the intensity of the first data 
point. Each solid line is a least-squares fit of a single exponentially decaying function to the data (Eq. [5]). 
The amide proton exchange rates were used to calculate the local stability difference, 
AGop, for 57 residues (Eq. [3]). The AGop values vary from 3 kcal.mol"1 to 8.2 
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kcal.mol"1 (Table 1). The AGo p values for the amide protons of T y r l l 4 and P h e l l 7 
which had not exchanged in 5 days is estimated to be > 9 kcal.mol"1. Figure 11 (page 
87) shows the global fold of apoflavodoxin colour-coded according to the exchange 
behaviour of its amide protons. As can be seen in Figure 11, residues of apoflavodoxin 
with a relatively high local stability are distributed over all secondary structure elements 
(with the exception of strand (32) including several loop regions. 
Table 1. Amide proton exchange rates (fcex) and calculated free energy differences for local opening 
(AGop (298 K)) of A. vinelandii apoflavodoxin II in 150 mM potassium pyrophosphate, pH* 6.2, 303 K. 
Residues with AGop > 6.2 kcal.mol"1 are thought to form the structured part of an apoflavodoxin folding 
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Discussion 
The flavin binding region of apoflavodoxin is flexible 
We have determined the structural characteristics of A. vinelandii apoflavodoxin II 
using multidimensional NMR experiments. Sequential NOE contacts established the 
presence of the five-stranded parallel (3-sheet surrounded by five oc-helices (Figs. 6 and 
7). Despite the removal of the FMN cofactor, over 80% of the assigned ^Ha, !HN and 
!^N apo resonance positions are identical to those of the holoprotein (compare 
Appendix III with Appendix I; see Figs. 2 and 8). This indicates that the micro-
environments of the majority of the residues in apo- and holoflavodoxin are identical or 
highly similar as chemical shifts are extremely sensitive to small differences in the local 
environments of atoms. Large parts of holo- and apoflavodoxin have thus identical 
conformations. In addition, the linewidths of most cross peaks arising from amide 
groups of the apoprotein are essentially identical to those of the holoprotein (data not 
shown). The latter implies minimal differences in internal dynamics between the ordered 
parts of apo- and holoflavodoxin. 
In contrast, several amino acid residues in the flavin binding region of apoflavodoxin 
exhibit an increased flexibility. The lineshapes of several of the corresponding cross 
peaks strongly depend on temperature (Fig. 5). These cross peaks are broadened to 
various extents relative to their counterparts in holoflavodoxin (data not shown). Line 
broadening of the cross peaks for 19 backbone amides is probably so severe that it 
renders them undetectable. Dynamical exchange between different conformations on the 
NMR chemical shift time scale occurs amongst others in the flavin binding site of 
apoflavodoxin (Fig. 8): the phosphate binding loop (Ser9-Argl5) and the isoalloxazine 
binding loop comprising residues Thr54-Pro79, Asp98 and Leul07-Alal09. 
The NMR data show that the structure of apoflavodoxin in solution has a stable, well-
ordered core while the FMN binding region exhibits considerable conformational 
dynamics (Figs. 8 and 11). Apoflavodoxin is thus not in a molten-globule state (Ptitsyn, 
1992). Our results are in clear contrast with those from an X-ray study on the 
apoflavodoxin of Anabaena. The crystal structure displays a similar compact fold but 
with a closed FMN binding site and a preformed phosphate binding loop. No flexible 
regions are observed (Genzor et al., 1996). Our data suggest that the crystal structure 
represents the "freezing out" of one of the possible conformations of apoflavodoxin in 
solution. In addition, the presence of large amounts of sulphate ions in the crystallisation 
process caused the binding of a sulphate ion by the phosphate binding loop and induced 
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the conformation of this loop. The observation of a flexible flavin binding region in 
apoflavodoxin is of importance to comprehend how the FMN cofactor binds during the 
final stages of flavodoxin folding. Flexibility is a likely prerequisite to enable the flavin 
to enter the interior of the apoprotein. 
Incorporation of the flavin cofactor enhances the stability of the protein substantially 
by imposing rigidity on its tertiary structure (Chapter 4). Despite complete sequence 
identity, the dynamical behaviour of the flavin binding region of apoflavodoxin is 
strikingly different from that in holoflavodoxin. This illustrates that one of the main 
difficulties in protein structure prediction is the assessment of internal dynamics. 
Local stability of apoflavodoxin as measured by NMR spectroscopy 
NMR spectroscopy in combination with the hydrogen/deuterium exchange method 
was used to determine the stability of the secondary structure elements and to locate the 
stable nucleus in apoflavodoxin. Local stability differences for individual amide protons 
were obtained (Table 1). Like apomyoglobin (Eliezer and Wright, 1996), apoflavodoxin 
is a relatively unstable protein. More than half of its backbone amide protons exchange 
too fast (kex > ~ 10~2 s_1) to be measured. The most slowly exchanging amide protons 
reside in the ordered core of the molecule ind form the stable nucleus, whereas amide 
protons in the flexible flavin binding region exchange rapidly (Figs. 8 and 11). The 
calculated AGop values range from 3 kcal.mol"1 to > 9 kcal.moH which is remarkably 
high. 
The equilibrium unfolding curves obtained for guanidinium hydrochloride induced 
denaturation of apoflavodoxin as monitored by circular dichroism and fluorescence do 
not coincide (Chapter 6: Fig. 2A; van Mierlo et al., submitted). The same is true for the 
temperature induced denaturation of apoflavodoxin (Chapter 6: Fig. 2B; van Mierlo et 
al., submitted). This implies that the folding of apoflavodoxin occurs via at least one 
relatively stable folding intermediate (Chapter 6: Fig. 3). The intermediate is 
characterised by the loss of tertiary structure without the complete loss of secondary 
structure. Analysis of the denaturant induced unfolding data of apoflavodoxin results in 
a global stability with respect to the unfolded state, AGunf, of the protein of 6.2 + 0.2 
kcal.mol"'. Exchange of the most protected amide protons has been shown to often 
occur via global unfolding of a protein, in which case AGop (Eq. [3]) approximates 
AGunf (Wagner and Wuthrich, 1979; Woodward, 1994; Jeng and Dyson, 1995; 
Englander et al., L9Vb). Many of the most slowiy exchanging amide protons in 
apoflavodoxin, however, have local stability differences significantly higher than the 
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measured global stability difference (Table 1). Possible explanations for enhanced 
protection include: (i) exchange could occur from a high energy unfolded state caused 
by slow proline isomerisation; five trans prolines would contribute up to 0.7 kcal.mol*1 
to the apparent stability of a protein (Bai et al., 1994); (ii) proteins can be more stable in 
2H20 than in H2O; increased stabilities of approximately 0.4 kcal.mol-1 have been 
found for oxidised cytochrome c at moderate temperatures (Bai et al., 1994); (iii) 
exchange might deviate from an EX2 mechanism; this would be the case when the 
equilibrium between native apoflavodoxin and the folding intermediate is extremely 
slow; (iv) the AGunf as calculated via linear extrapolation of denaturant induced 
unfolding data can be an underestimate of the free energy difference between native and 
unfolded protein (Bai et al., 1994). A definite explanation for the enhanced protection 
found in apoflavodoxin has to await further investigation. However, we infer that the 
structured part and stable nucleus of the apoflavodoxin folding intermediate at least 
comprises residues in strands pi , p3, P4 and P5a and in helices oc4 and oc5 (Table 1). 
The extremely slow exchange of three backbone amide protons in the C-terminal half of 
helix oc4 indicates that the aromatic region Yn4-S-F-F-Kng most likely contains 
residual structure in the unfolded state. 
The position of the stable nucleus in proteins with a flavodoxin-like topology 
Our results characterise for the first time the local stability of an apoflavodoxin and 
show that the stable nucleus in A. vinelandii apoflavodoxin II is found in its C-terminal 
part. The least stable secondary structure elements are strand P2 and helix a2 in the N-
terminal part of the protein (Fig. 11; Table 1). Similar results were obtained by us for 
the holoform of the protein (Chapter 4; Appendix II). The limited hydrogen/deuterium 
exchange data available for holoflavodoxins of Desulfovibrio vulgaris (Knauf et al., 
1993), D. desulfuricans (Pollock et al., 1996) and Azotobacter chroococcum (Peelen et 
al., 1996) are consistent with our data. We propose that it is a general feature of 
flavodoxins that the stable nucleus resides in their C-terminal parts. 
Compared to apo- and holoflavodoxin, the lipolytic enzyme cutinase and the 
chemotactic protein Che Y show a strikingly different amide proton exchange 
behaviour. Both proteins are members of different superfamilies sharing the flavodoxin-
like fold. In contrast to what is found for apoflavodoxin, helix oc4 and strand P5 in the 
C-terminal part of cutinase are the least stable secondary structure elements and are not 
part of the stable nucleus. Instead, the amide protons in helices a2 and a3 and strands 
p3 and P4 of cutinase are most likely part of the stable nucleus (Prompers et al., 1997). 
Structural characterisation of apoflavodoxin 97 
Likewise, helix a4 and strand p5 of a double mutant of Che Y are characterised by a 
rather poor overall stability (Lopez-Hernandez and Serrano, 1996; Lacroix et al., 1997). 
The amide protons in the N-terminal part of Che Y generally exchange slower and this 
part is regarded as the nucleus around which the rest of the protein folds (Lopez-
Hernandez and Serrano, 1996; Bruix et al., 1997). Our results show that the stable 
nucleus of structurally homologous proteins can reside in different parts of the protein 
topology. If folding of flavodoxin is initiated with the collapse of the stable nucleus, as 
has been found for several other proteins (Woodward, 1994; Englander et al., 1996), the 
folding pathways of structurally homologous proteins seem to be unrelated as well. 
Materials and methods 
Purification and sample preparation 
Uniformly 15N-labelled recombinant A. vinelandii (strain ATCC 478) C69A 
holoflavodoxin II was obtained and purified as described previously (Chapter 4). The 
C69A mutant is used as the pseudo wild-type protein in all our studies to prevent 
dimerisation (Chapter 2). By trichloroacetic acid precipitation (Edmondson and Tollin, 
1971) an 85% yield of apoflavodoxin is generally obtained. Uniformly 15N-labelled 
C69A apoflavodoxin was transferred to a potassium pyrophosphate buffer via gel 
filtration and subsequently concentrated via ultra-filtration using a filtron microsep 
centrifugal concentrator. 
The NMR samples used contained usually 2 mM 15N-labelled protein in 150 mM 
potassium pyrophosphate in 90% 1^0/10% 2H20, pH* 6.0. Internal TSP was always 
present in minute amounts. 
NMR spectroscopy 
Unless stated otherwise, experiments were recorded on a Bruker AMX 500 
spectrometer at 303 K as described previously (see Chapter 4 for technical details and 
references). A gradient-enhanced !H-,5N HSQC experiment which employs a selective 
Gaussian water flip-back pulse was used as a starting point in the assignment of the 'H-
15N resonance frequencies of apoflavodoxin. lH-15N HSQC experiments were recorded 
at 293, 303, 308 and 313 K. Intra-residual 1 H a and !HP resonance frequencies were 
assigned using a 3D HNHA, a gradient-enhanced HNHB and a 15N-separated TOCSY-
HMQC experiment with a 25.8-ms clean-DIPSI2 mixing sequence. Inter-residual NOE 
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contacts were obtained from 3D 15N-separated NOESY-HSQC and HMQC-NOESY-
HSQC experiments which were acquired using mixing times of 50 ms and 75 ms, 
respectively. In both experiments, gradients were used to destroy both the water signal 
and unwanted coherences (Vuister et al., 1993). 3JHN-H« Coupling constants were 
determined from the 3D HNHA experiment, employing a correction factor of 1.2. 
Additional acquisition parameters for the multidimensional NMR experiments are 
provided in Table 2. 


















































































NMR data were referenced, processed and analysed as described previously (Chapter 
4). Instead of using a 90° shifted sine-bell squared window function, a 60° shifted sine-
bell squared window function was used in the indirect ' H dimension of the 15N-
separated NOESY-HSQC experiment. In the case of apoflavodoxin, the deviations of 
the ' H a resonance frequencies from random coil values were the basis for the 
assignment of protein secondary structure using the CSI program (Wishart et al., 1992; 
Wishart and Sykes, 1994). 
Theory of hydrogen/deuterium exchange 
The hydrogen/deuterium exchange method (Linderstr0m-Lang, 1955; Hvidt and 
Nielsen, 1966; Englander and Kallenbach, 1984) assumes that exchange of labile amide 
protons only takes place from an "open" (exchange-competent) form of the protein, but 
not from the "closed" (exchange-incompetent) form: 
^u *int 
N-H (closed) *=£ N-H (open) —*• N-D [1] 
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with ku and k{ the local unfolding and folding rates, respectively, and fc,nt the intrinsic 
exchange rate of an amide proton in the open form. The sequence-specific intrinsic 
exchange rates for an amide proton, &mt, can be calculated for each protein (Bai et al., 
1993). In the EX2 limit (bimolecular reaction), which is the dominant mechanism of 
exchange for most proteins at moderate pH and temperature, kf» ku and kf » &jnt. The 
measured exchange rate, kex, can therefore be written as: 
^ex = ^u ^int' kf= K o p kmi 12 J 
where Kop is the equilibrium constant for local transient opening of a hydrogen bonded 
site. This equilibrium constant relates to AGop, the local free energy difference between 
the closed and open states: 
AGop = - R * T* In Kop = - R * T* In (fcex/ *int) [3] 
with R, the gas constant and T, the absolute temperature. 
In the presence of a protein folding intermediate which is in fast equilibrium with the 
native protein, the exchange rate is described by: 
kex = Ki* ^intermediate^ * ^ [4] 
with K\, the equilibrium constant for formation of the folding intermediate from the 
native protein, and ^intermediate^ (he equilibrium constant for local opening of a 
hydrogen bonded site in the folding intermediate. The calculation of the local free 
energy difference between the closed and open states of the amide protons in the native 
protein is possible using Equation [3] and the global stability of the native state can thus 
still be determined. 
Hydrogen/deuterium exchange experiments and data analysis 
A 500-^tL sample of uniformly 15N-labelled apoflavodoxin in 150 mM potassium 
pyrophosphate pH* 6.0 was lyophilised, reconstituted in 99.9% 2H20 (Isotec inc., USA) 
and centrifuged to remove aggregates. The hydrogen/deuterium exchange measurements 
were carried out on the resulting 2 mM 15N-labelled apoflavodoxin sample over a 5-day 
period (pH* 6.2, 303 K). The first gradient-enhanced iH-15N HSQC experiment was 
started 12 minutes after initiation of exchange and each experiment lasted 8 minutes. 
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Data were acquired with 512 complex points in t2 and with 96 complex points in tj, 
spectral widths were 8065 Hz and 1863 Hz in t2 and tj, respectively. The data were 
zero-filled to obtain a final point-to-point resolution of 2 Hz in F2 and 1 Hz in Fj, 
respectively, apodised using a Gaussian multiplication in t2 and a 90° shifted sine-bell 
squared window function in tj, respectively, and Fourier transformed. No baseline 
correction was necessary. 
Peak intensities were measured and used to calculate the amide proton exchange rate, 
&ex, as described previously (Chapter 4): 
I(t) = I(oo) + I ( 0 ) * e x p ( - * e x * t ) [5] 
with t, the time between the addition of 2H20 to the lyophilised apoflavodoxin and the 
beginning of each individual 'H-15N HSQC experiment, 1(0), the cross-peak intensity at 
time zero and I(<»), the cross-peak intensity at the infinity time point. 
A least-squares fit of Equation [5] to the exchange data gave kex and the 
corresponding standard error values. Standard errors obtained in this way were generally 
less than 5% of the absolute ktx values obtained. However, the standard errors for kex 
values ranging from 10"2 s_1 to 10"4 s_1 were between 10% - 20%. The latter is due to 
the limited number of data points which had a cross-peak intensity above noise level. 
For amide protons that did not exchange completely within 5 days the decay curve was 
fitted using a final intensity of zero. 
AGop values were determined from the observed rate constants, kex, and the intrinsic 
chemical exchange rates, &mt, using Equation [3]. The intrinsic exchange rates were 
calculated using free peptide exchange rates which were corrected for the effects of the 
local amino acid sequence and calibrated for the pH and temperature of our exchange 
experiment (Bai et al., 1993). 
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6 Flavodoxin folding 
The NMR results obtained on Azotobacter vinelandii holo- and apoflavodoxin II 
(Chapters 4 and 5 of this thesis, respectively) are combined with the fluorescence and 
circular dichroism results of equilibrium (un)folding studies on both proteins. A detailed 
picture for equilibrium (un)folding of flavodoxin is thus obtained: (i) holoflavodoxin has 
a compact stable fold consisting of a five-stranded parallel /3-sheet surrounded by five 
a-helices; (ii) upon release of the FMN cofactor, apoflavodoxin is formed which has a 
stable core but a flexible FMN binding region; (Hi) in the (un)folding pathway a 
relatively stable apoflavodoxin folding intermediate is found, which is characterised by 
the loss of tertiary interactions without the complete loss of secondary structure; (iv) the 
unfolded state of flavodoxin presumably contains some residual structure of an aromatic 
cluster, as a remnant of helix cc4. These results obtained on equilibrium (un)folding of 
flavodoxin are discussed with respect to the implications for the kinetics of flavodoxin 
folding. 
Equilibrium (un)folding of flavodoxin 
The determination of the secondary structure and local stabilities of Azotobacter 
vinelandii C69A flavodoxin II (henceforth designated: flavodoxin) in the holo- and 
apoform using NMR spectroscopy are described in Chapters 4 and 5 of this thesis, 
respectively. These NMR studies have been paralleled by equilibrium (un)folding 
studies of holo- and apoflavodoxin using fluorescence and circular dischroism (CD) 
spectroscopy by van Mierlo (van Mierlo et al., submitted; in prep.). From a combination 
of the results obtained using fluorescence, CD and NMR spectroscopy a detailed picture 
for equilibrium (un)folding of flavodoxin arises (Fig. 1). In the following, the main 
results of the above-mentioned studies which led to our current understanding of the 
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<— Fig. 1. Schematic drawing of the equilibrium (un)folding of flavodoxin. Rigid parts of the protein 
structures are depicted black, whereas flexible regions are shown in white. Holoflavodoxin has a compact 
stable fold which shows the five-stranded parallel pVsheet surrounded by five a-helices. Upon release of 
the FMN cofactor, apoflavodoxin is formed. Apoflavodoxin has a stable core but a flexible FMN binding 
region. In the (un)folding pathway, a relatively stable apoflavodoxin folding intermediate is found which 
is characterised by the loss of tertiary interactions without the complete loss of secondary structure. The 
unfolded state of flavodoxin presumably contains some residual structure of an aromatic cluster, as a 
remnant of helix a4. 
equilibrium (un)folding of flavodoxin (as schematically drawn in Fig. 1) are discussed. 
The denaturant and temperature induced equilibrium (un)folding of holoflavodoxin 
have been monitored by fluorescence and CD spectroscopy. In the case of 
holoflavodoxin, the equilibrium with the apoform of the protein and the FMN cofactor 
has always to be considered: 
*off 
holoflavodoxin -*-t apoflavodoxin + FMN 
"•on 
in which the dissociation constant, Kd, is described by &off / kon. Unfortunately, this 
binding equilibrium complicates the determination of the free energy difference of 
global unfolding, AGunf, of holoflavodoxin, since AGunf depends on the amount of FMN 
present. However, the binding with FMN enhances the stability of holoflavodoxin with 
respect to that of apoflavodoxin. The latter is apparent from Table 1 which gives the Cm 
and Tm values (concentration guanidinium hydrochloride and temperature, respectively, 
at which half of the protein molecules are unfolded) measured by fluorescence and CD 
spectroscopy for holo- and apoflavodoxin, respectively. 
Table 1. Tm And Cm values of A. vinelandii holo- and apoflavodoxin II as determined by temperature 
induced equilibrium unfolding studies of 2 |XM protein (100 mM potassium pyrophosphate, pH 6.0) and 
guanidinium hydrochloride induced equilibrium (un)folding studies of 4 liM protein (100 mM potassium 
pyrophosphate, pH 6.0), respectively. Equilibrium (un)folding studies of either protein were monitored 




Cm (M) at 25 °C 
fluorescence CD 
2.20 ±0.01 2.16 ±0.01 
1.54 ±0.01 1.75 + 0.01 
TmCC) 
fluorescence CD 
68.81 ±0.12 69.94 ±0.46 
48.56 ±0.10 64.87 ±0.36 
a
 (van Mierlo et al., in prep.) 
b
 (van Mierlo et al., submitted) 
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Both holo- and apoflavodoxin have a stable and compact flavodoxin-like fold: a five-
stranded parallel P-sheet (order P2-pi-p3-f$4-P5) surrounded by five cc-helices 
(Chapters 4 and 5). However, the local stabilities of amide protons in the core of 
holoflavodoxin are significantly higher than those obtained for apoflavodoxin as 
reflected in the AGop values measured by NMR spectroscopy (compare e.g.: Chapter 4: 
Fig. 9 with Chapter 5: Fig. 11; Appendix II with Chapter 5: Table 1). In addition, 
whereas holoflavodoxin has a well-ordered FMN binding region (Chapter 4: Fig. 9), the 
FMN binding region in apoflavodoxin is highly flexible (Chapter 5: Figs. 8 and 11). 
Both the hydrogen/deuterium exchange results (Chapters 4 and 5) and the equilibrium 
(un)folding studies (van Mierlo et al, submitted; in prep.) indicate that global unfolding 
of holoflavodoxin takes place via release of the FMN cofactor and the formation of 
apoflavodoxin (Fig. 1). 
The unfolding curves as monitored by fluorescence and CD spectroscopy for the 
guanidinium hydrochloride induced denaturation of apoflavodoxin do not coincide (Fig. 
2A and see Table 1). The same is true for the temperature induced unfolding of 
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60 70 80 
[GndHClJ (M) t (°C) 
Fig. 2. Equilibrium unfolding of apoflavodoxin (100 mM potassium pyrophosphate, pH 6.0) (van Mierlo 
et al., submitted). A. Guanidinium hydrochloride induced denaturation of 4 uM apoflavodoxin (25 °C) as 
monitored by fluorescence (•) and CD (•) spectroscopy. The results for the fits of a three-state model of 
unfolding to the changes in fluorescence and ellipticity are shown as thin dotted lines. B. Temperature 
induced denaturation of 2 uM apoflavodoxin as monitored by fluorescence (•) and CD (•) spectroscopy. 
The decrease in fluorescence occuring upon unfolding of apoflavodoxin monitors the 
disruption of tertiary interactions around the three tryptophan side chains, whereas the 
change in ellipticity monitors unfolding of secondary structure elements. The fact that 
the unfolding curves measured via fluorescence and CD spectroscopy do not coincide 
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(Fig. 2) can be explained by assuming that the equilibrium (un)folding of apoflavodoxin 
occurs via at least one relatively stable intermediate (Fig. 3). This relatively stable 
intermediate is characterised by the loss of tertiary structure without the complete loss of 
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Fig. 3. The fraction of folded protein, intermediate state and unfolded protein necessary to describe the 
guanidinium hydrochloride induced denaturation curves of 4 uM apoflavodoxin (100 mM potassium 
pyrophosphate, pH 6.0, 25 °C). The results of the fits for the changes in fluorescence and ellipticity are 
calculated for a three-state model of unfolding (van Mierlo et al., submitted). 
The global stability of native apoflavodoxin with respect to unfolded protein is 6.2 + 
0.2 kcal.mol"1, as is calculated from the guanidinium hydrochloride induced unfolding 
data based on a three-state model of unfolding (van Mierlo et al., submitted). The 
hydrogen/deuterium exchange experiments on apoflavodoxin (Chapter 5) show that the 
most slowly exchanging amide protons are found in strands pi , P3, P4 and P5a and in 
helices oc4 and oc5 (see Chapter 5: Table 1). We propose that the structured part of the 
equilibrium folding intermediate is formed by at least these residues (Fig. 1 and Chapter 
5). We infer that the equilibrium folding intermediate present under NMR conditions is 
structurally more or less equivalent to the folding intermediate detected by temperature 
and denaturant induced unfolding of apoflavodoxin. 
Whether or not the apoflavodoxin folding intermediate fits the description of a 
molten globule (Ptitsyn, 199i) icinains to be investigated. Since the equilibrium 
unfolding intermediate is present in substantial amounts at the midpoint of guanidinium 
hydrochloride induced unfolding (Fig. 3) it should be possible to further characterise its 
structure and dynamics using NMR spectroscopy. 
The extremely slow exchange of at least three backbone amide protons in the C-
terminal half of helix a 4 in apoflavodoxin (Chapter 5: Table 1) indicates that the 
106 Chapter 6 
aromatic region Y114-S-F-F-K118 contains residual structure in the unfolded state (Fig. 
1). Interestingly, this aromatic region is not conserved among the flavodoxin family 
(Grandori and Carey, 1994). A study on a short peptide containing the segment Y114-S-
F-F-K118 of the flavodoxin sequence should reveal whether this segment induces native-
like secondary structure and whether it plays an important role in the initiation of 
flavodoxin folding (Woodward, 1993; Englander et al., 1996). 
NMR measurements to follow denaturant induced (un)folding of flavodoxin can 
reveal whether (un)folding is a co-operative process or not (Schulman et al., 1997). The 
current view of protein folding features ensembles of protein conformations which fold 
via parallel multi-pathway diffusion-like processes (Dill and Chan, 1997). It will 
therefore be of interest to combine the NMR studies on the structure and dynamics of 
species present in the equilibrium (un)folding of flavodoxin with mass spectrometry 
measurements to obtain a better understanding of the ensemble characteristics of these 
species (Chung et al., 1997). 
Implications for the kinetics of flavodoxin folding 
Hydrogen exchange pulse labelling NMR measurements (Baldwin and Roder, 1991), 
stopped-flow CD, stopped-flow fluorescence and mass spectroscopy (Plaxco and 
Dobson, 1996) are some of the techniques with which the kinetics of flavodoxin 
(un)folding can be studied. The characterisation of the hydrogen/deuterium exchange 
rates in holo- and apoflavodoxin by NMR spectroscopy (Chapters 4 and 5) is a 
prerequisite to be able to determine the kinetics of flavodoxin (un)folding on a residue 
level by using hydrogen exchange pulse labelling NMR measurements. We 
demonstrated that 65 slowly exchanging amide protons are located in all regular 
secondary structure elements of holoflavodoxin (with the exception of helix oc2), as well 
as in the 23-residue loop intersecting strand (35 and in the 100's loop surrounding the 
N(3)H proton of the FMN cofactor (Chapter 4: Fig. 9). Consequently, we now know that 
it is feasible to study the kinetics of flavodoxin folding in great structural detail. If 
(un)folding of flavodoxin occurs on a time-scale of seconds, it will also be possible to 
study flavodoxin folding by real-time NMR spectroscopy (Balbach et al., 1995; 1996; 
1997). 
Equilibrium folding intermediates of proteins are often (Baldwin, 1995; Roder and 
Colon, 1997), but not always (Clarke and Fersht, 1996), similar to the kinetic folding 
intermediates. Whether such a similarity exists for flavodoxin remains to be seen. 
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However, it is tempting to speculate that flavodoxin folding is initiated by the aromatic 
cluster Y114-S-F-F-K118 a nd that the stable nucleus of flavodoxin comprising strands 
(31, (53, p4 and P5a and helices cc4 and a5 will subsequently be formed in a kinetic 
folding pathway (Chapter 5). Kinetic (un)folding studies on flavodoxin are necessary (i) 
to see whether the segment Yi 14-S-F-F-K1 is is the folding nucleus of flavodoxin, (ii) to 
prove the existence of a relatively stable and structured kinetic folding intermediate and 
(iii) to compare this kinetic folding intermediate with the one found in the equilibrium 
(un)folding studies (Fig. 1 and Chapter 5). 
Conclusion 
The work described in this thesis has shed light onto the equilibrium (un)folding of 
flavodoxin. Furthermore, the assignments obtained for the backbone resonances of holo-
and apoflavodoxin and the hydrogen/deuterium exchange results discussed in detail are 
a first, but crucial, step to be able to study the kinetics of flavodoxin folding. The 
flavodoxin-like fold is shared by many (i.e. nine) superfamilies (Brenner, 1997), 
consequently a comparison of folding studies on flavodoxin with those on structurally, 
but not sequentially, homologous proteins like catalases, chemotactic proteins, cutinases 
and esterases will likely resolve many questions regarding the protein folding problem. 
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Appendix I 
Table 1. Chemical shifts of the 'H, 15N, and 13C backbone and 'H? and 1 3rf resonances of Azotobacter 










































































































































































































































































































































Table 1. (Continued) 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 1. (Continued) 
Residue 15N l H N 13Ca l H o 13CP W 13C0 
121 
136 Glu 120.4 
137 Ser 113.6 
138 Ser 114.6 
139 Glu 128.7 
140 Ala 118.7 
141 Val 118.6 
142 Val 128.9 
143 Asp 127.4 
144 Gly 102.0 
145 Lys 119.1 
146 Phe 119.3 
147 Val 112.4 
148 Gly 106.2 
149 Leu 116.9 
150 Ala 127.5 
151 Leu 123.5 
152 Asp 120.0 
153 Leu 131.0 
154 Asp 123.4 
155 Asn 114.4 
156 Gin 116.5 
157 Ser 118.8 
158 Gly 
159 Lys 117.3 
160 Thr 116.9 
161 Asp 121.0 
162 Glu 120.1 
163 Arg 121.5 
164 Val 118.1 
165 Ala 119.3 
166 Ala 120.8 
167 Trp 123.6 
168 Leu 117.2 
169 Ala 118.3 
170 Gin 118.9 
171 He 110.4 
172 Ala 125.4 
173 Pro 
174 Glu 115.6 
175 Phe 116.4 
176 Gly 109.0 
177 Leu 118.1 
178 Ser 118.4 



















































































































































































































































































Table 1. Logarithm of the amide proton exchange rates and the calculated local apparent free energy 
differences AG a p p o p (298 K) for Azotobacter vinelandii holoflavodoxin in 150 mM potassium 
pyrophosphate, pH* 6.2, at 303 K. a 
Residue log(*ex) AG»PPop 
(kcal.mol-1) 
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Table 1. (Continued) 


















































 For amide protons which exchanged so rapidly that they were not observed in our experiments in 2H 20, 
log(/:ex) was set to -2.00 (and AGW to 1.36 kcal.mol"1). For amide protons which had not exchanged in 
42 hours, log(/fcex) was set to -7.00 (and AG3??™ to 9.54 kcal.mol"1). Due to spectral overlap, the exchange 
rates of 25 backbone amide protons could not be determined. 
Appendix III 
Table 1. Chemical shifts of the 15N, 1UN, 'H™ and 'HP resonances of Azotobacter vinelandii 
apoflavodoxin II in 90% H2O/10% 2H 20 and 150 mM potassium pyrophosphate, pH* 6.0, at 303 K. 






















































































































































































Table 1. (Continued) 





















































































































































































































Appendix III 727 
Table 1. (Continued) 
Residue l5N l H N l H a 'HP 
87 Ser 117.7 8.53 4.42 3.94 
88 Gly 113.7 8.88 4.25 3.79 
89 Lys 121.2 8.05 4.77 2.27 1.57 
90 Thr 120.2 7.95 5.18 3.73 
91 Val 127.5 9.19 5.33 1.73 
92 Ala 128.4 8.95 5.55 1.58 
93 Leu 122.1 10.23 5.81 1.71 1.30 
94 Phe 114.7 8.92 5.13 2.21 
95 Gly 106.9 8.78 5.33 3.09 
96 Leu 122.0 7.64 5.06 1.96 1.45 
97 Gly 107.9 8.12 4.54 3.90 
98 Asp 5.20* 
99 Gin 123.9* 8.72* 3.86 2.33 1.08 
100 Val 119.4 7.34 3.85 2.04 
101 Gly 108.7 8.92 3.80 3.58 
102 Tyr 116.4 7.47 5.13 3.14 
103 Pro 4.58 
104 Glu 117.7 8.80 4.66 2.28 2.10 
105 Asn 119.0 7.90 5.13 3.27 3.12 
106 Tyr 122.1 7.70 3.43 2.65 
107 Leu 
108 Asp 
109 Ala 4.16 
110 Leu 118.6 7.32 3.85 1.88 1.11 
111 Gly 104.9 7.49 3.71 3.71 
112 Glu 122.0 7.60 4.20 
113 Leu 120.9 7.59 3.93 
114 Tyr 118.7 8.14 4.02 
115 Ser 114.6 8.16 3.87 
116 Phe 120.5 7.68 3.87 
117 Phe 114.5 7.72 3.87 
118 Lys 124.7 9.07 3.98 
119 Asp 119.4 8.41 4.48 
120 Arg 116.7 6.78 4.61 
121 Gly 105.4 7.51 4.39 3.86 
122 Ala 121.0 7.69 4.51 
123 Lys 123.6 8.58 4.55 
124 He 128.1 8.48 5.53 
125 Val 122.9 9.00 5.07 
126 Gly 107.7 8.92 4.72 3.86 
127 Ser 114.3 7.89 4.53 
128 Trp 123.0 8.76 5.53 
129 Ser 120.3 7.54 4.49 
130 Thr 113.2 8.47 4.48 
131 Asp 125.0 8.42 4.60 
132 Gly 112.2 9.09 4.24 3.76 
133 Tyr 118.7 7.86 5.08 
134 Glu 123.7 9.30 4.74 
135 Phe 118.2 7.59 4.90 
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Table 1. (Continued) 















































Tentative assignments are marked * 
Summary 
Flavodoxins function as low-potential one-electron carriers using a non-covalently 
bound FMN cofactor which can exist in three redox states. Flavodoxin structures are 
characterised by a five-stranded parallel (3-sheet (order P2-pi-p3-P4-p5) surrounded by 
a-helices at either side of the sheet. This topology is called the flavodoxin-like fold. In 
contrast to most folds, the flavodoxin-like fold is shared by many protein superfamilies 
which are sequentially and evolutionary unrelated. Studies on proteins with the 
flavodoxin-like fold can therefore be utilised to find answers to the so-called protein 
folding problem which can be captured by the following questions: 
- What is the physical basis of the stability of the folded protein conformation? 
- What processes or pathways determine which of the many possible conformations is 
the native folded conformation adopted by the protein? 
- What are the rules governing the relation between the amino acid sequence and three-
dimensional structure of a protein? 
- Can the three-dimensional structure of a protein be predicted from its amino acid 
sequence? 
The research described in this thesis has been carried out to obtain a better 
understanding of the fundamental rules describing protein folding. This thesis focuses 
on the structure and stability of Azotobacter vinelandii (strain ATCC 478) flavodoxin II 
(henceforth designated flavodoxin) in its holo- and apoform (i.e. with and without 
cofactor FMN, respectively). The results obtained for this particular flavodoxin are 
compared with those for other flavodoxins, as well as with results obtained for 
sequentially unrelated proteins having a flavodoxin-like fold. The understanding of the 
equilibrium (un)folding of flavodoxin is a first step in the characterisation of the energy 
landscape determining the folding of this protein. 
Summary 131 
A general introduction on protein folding, NMR spectroscopy and flavodoxins is 
presented in Chapter 1. 
To prevent dimerisation during structural and folding studies Cys69Ala and 
Cys69Ser mutants of wild-type flavodoxin were prepared. pH-Dependent 
scmiquinone/hydroquinone redox potentials of wild-type, Cys69Ala and Cys69Ser 
flavodoxin were determined using cyclic voltammetry and confirmed by EPR-monitored 
redox titrations. No significant differences in redox properties of wild-type, Cys69Ala 
and Cys69Ser flavodoxin are observed. The pH dependence of the semiquinone/ 
hydroquinone redox potentials can be described using a model assuming two redox -
linked protonation sites with a constant redox potential at high pH of -485 + 4 mV. The 
electrochemical data which are presented in Chapter 2 show that replacement of Cys69 
in the vicinity of the FMN by either an alanine or a serine residue do not alter the 
dielectric properties and structure of holoflavodoxin. 
In Chapter 3, a new doubly sensitivity-enhanced 3D !H-15N TOCSY-HSQC 
experiment is described and analysed using the product operator formalism . The overall 
gain in signal-to-noise ratio obtained using this doubly sensitivity-enhanced TOCSY-
HSQC pulse sequence is, compared to the standard (non-enhanced) sequence, 2.49 or 
1.89 for spectra obtained for 15N-labelled or 15N-/13C-labelled holoflavodoxin samples, 
respectively. The main factors leading to the signal-to-noise enhancement are the 
introduction of two enhanced coherence transfer sequences, the elimination of water 
presaturation and the inclusion of a water flip-back pulse. Incorporation of gradients for 
coherence pathway selection, however, leads to a reduction in signal intensity. 
The determination of the solution secondary structure of holoflavodoxin is described 
in Chapter 4. A five-stranded parallel p-sheet (P2-pl-(33-p4-|35) is surrounded by five 
Ct-helices. The loops extending from the carboxy termini of strands pi, P3 and P4 are 
involved in FMN binding. Hydrogen/deuterium exchange experiments suggest that (i) 
amide proton exchange within the core of holoflavodoxin occurs via the apoform of the 
molecule and that (ii) exchange of the N(3)H proton of FMN only occurs when the 
cofactor is free in solution. The solvent inaccessibility of the non-polar environment 
around N(3) could, at least in part, establish the low semiquinone /hydroquinone redox 
potential. The amide proton exchange rates do not suggest that holoflavodoxin is 
divided in two subdomains as has been found for the structurally, but not sequentially, 
homologous protein Che Y. The amide backbone protons of 65 residues and three indole 
side-chain protons exchange sufficiently slowly (kex < 10~5 s-1) to be able to perform 
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hydrogen exchange pulse labelling experiments and to study the kinetics of flavodoxin 
folding in great structural detail. 
The structural characteristics of apoflavodoxin as determined by NMR spectroscopy 
are presented in Chapter 5. Apoflavodoxin has a stable, well-ordered core consisting of 
a five-stranded parallel (3-sheet surrounded by five cc-helices. Large parts of holo- and 
apoflavodoxin have identical conformations and similar internal dynamics. However, 
the flavin binding region in apoflavodoxin exhibits considerable conformational 
dynamics. Flexibility is a likely prerequisite to enable the flavin to enter the interior of 
the apoprotein. Hydrogen/deuterium exchange measurements suggest that the stable 
nucleus in apoflavodoxin at least comprises residues in strands pi, P3, p*4 and p5a and 
in helices cc4 and oc5 in the C-terminal part of the protein. We propose that this is a 
general feature of flavodoxins. In contrast, the stable nucleus of the sequentially 
unrelated proteins cutinase and Che Y which share the flavodoxin-like fold is not found 
in their respective C-terminal parts. The amide proton exchange results show that the 
stable nucleus may be found in different parts of the flavodoxin-like topology. If folding 
of flavodoxin is initiated with the collapse of the stable nucleus, as has been found for 
several other proteins, the folding pathways of structurally homologous proteins seem to 
be unrelated as well. 
Chapter 6 reflects on the research described in this thesis and combines the NMR 
studies, as described in Chapters 4 and 5, with equilibrium (un)folding studies on apo-
and holoflavodoxin using fluorescence and circular dischroism spectroscopy which have 
been performed by van Mierlo et al. The following picture for equilibrium (un)folding 
of flavodoxin arises: (i) holoflavodoxin has a compact stable fold consisting of a five-
stranded parallel P-sheet surrounded by five oc-helices; (ii) upon release of the FMN 
cofactor, apoflavodoxin is formed which has a stable core but a flexible FMN binding 
region; (iii) in the (un)folding pathway a relatively stable apoflavodoxin folding 
intermediate is found which is characterised by the loss of tertiary interactions without 
the complete loss of secondary structure; (iv) the unfolded state of flavodoxin 
presumably contains some residual structure of an aromatic cluster as a remnant of helix 
a4. The results obtained on the equilibrium (un)folding of flavodoxin are discussed with 
respect to the implications for the kinetics of flavodoxin folding. 
Samenvatting 
Eiwitvouwing 
Eiwitten zijn betrokken bij bijna alle processen die plaatsvinden in een levend wezen, 
zoals bijvoorbeeld groei, transport van voedingsstoffen, chemische readies en 
signaaloverdracht. Elk eiwit heefl zijn eigen specifieke functie(s) en een ontelbaar aantal 
verschillende eiwitten neemt deel aan al deze biologische processen. In de biochemie 
proberen we te begrijpen hoe deze processen op moleculair niveau in elkaar zitten, met 
andere woorden: we willen weten wat eiwitten doen, hoe en waarom. De veelzijdigheid 
van eiwitten lijkt wel wat op die van mensen en is een van de dingen die het zo 
interessant maakt om juist deze moleculen te bestuderen. 




Kg. 1. Het eiwitvouwingsprobleem 
drie-dimensionale structuur 
Eiwitten zijn opgebouwd uit 20 verschillende aminozuren en kunnen een 
verschillende aminozuurlengte en -volgorde hebben. De lineaire eiwitketens vouwen 
zich op tot specifieke drie-dimensionale structuren (Fig. 1). Zo'n drie-dimensionale 
structuur bepaalt de functie van het eiwit en is daarom van cruciaal belang. Het 
veranderen van een enkel aminozuur kan soms al tot gevolg hebben dat een drie-
dimensionale eiwitstructuur helemaal verandert waardoor de specifieke eiwitfunctie niet 
meer kan worden uitgevoerd en er bijvoorbeeld een levensbedreigende situatie ontstaat. 
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Ook al zijn er tegenwoordig veel drie-dimensionale structuren en nog veel meer 
aminozuurvolgordes van eiwitten bekend, het verband tussen de aminozuurvolgorde van 
een eiwit en de uiteindelijke gevouwen drie-dimensionale eiwitstructuur wordt nog 
steeds niet goed begrepen (Fig. 1). 
Het eiwitvouwingsprobleem, zoals het wel wordt genoemd, wordt gekarakteriseerd 
door de volgende vragen: 
- Wat bepaalt de stabiliteit van de gevouwen eiwitconformatie? 
- Welke vouwingsprocessen of vouwingsroutes bepalen welke van de ontelbare 
mogelijke conformaties de uiteindelijke gevouwen eiwitconformatie wordt? 
- Wat zijn de regels die de relatie tussen de aminozuurvolgorde van een eiwit en de 
drie-dimensionale eiwitstructuur beschrijven? 
- Is het mogelijk om de drie-dimensionale structuur van een eiwit te voorspellen vanuit 
de aminozuurvolgorde? 
Fig. 2. Het energielandschap als metafoor voor het eiwitvouwingsprobleem (met toestemming 
overgenomen uit Dill en Chan, 1997). Het energielandschap stelt de vrije energie van elke conformatie 
voor die een functie is van het aantal vrijheidsgraden. De stabiele gevouwen toestand, de natieve toestand 
N, is thermodynamisch gezien de meest favoriete toestand terwijl de ontvouwen toestanden een minder 
gunstige vrije energie hebben. Het chronologische proces van eiwitvouwing kan worden voorgesteld als 
het rollen van een bal over het energielandschap. A. Het energielandschap in geval van een willekeurig 
zoekproces. B. Het energielandschap in geval er een specifieke eiwitvouwingsroute is. C. Het 
trechtervormige energielandschap dat de tegenwoordige gedachte over eiwitvouwing weergeeft: er 
bestaan ensembles van ontvouwen en ten dele gevouwen eiwitten en eiwitvouwing kan via verschillende 
routes plaatsvinden. 
Er is in de afgelopen tientallen jaren veel onderzoek verricht aan eiwitvouwing. De 
verschillende ideeen over eiwitvouwing zijn het gemakkelijkst uit te leggen aan de hand 
van Figuur 2. De uiteindelijke gevouwen drie-dimensionale eiwitstructuur is de meest 
stabiele eiwitstructuur en wordt voorgesteld als een "put" in een energielandschap. Het 
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chronologische proces van het vouwen van een ontvouwen eiwitstructuur tot de meest 
stabiele gevouwen drie-dimensionale structuur kan worden voorgesteld als het rollen 
van een bal over het energielandschap totdat de bal in de put valt. Als het vouwen van 
een eiwit een willekeurig zoekproces zou zijn, zou het oneindig lang duren (Fig. 2A). 
Dit is niet erg aannemelijk omdat de meeste eiwitten kunnen vouwen binnen enkele 
seconden tot minuten. Eind jaren '60, begin jaren 70 kreeg daarom de gedachte gestalte 
dat er een specifieke vouwingsroute is voor elk eiwit (Fig. 2B). De tegenwoordige 
gedachte over eiwitvouwing is dat het energielandschap een soort trechtervorm heeft 
(Fig. 2C). Ontvouwen eiwitstructuren zijn niet allemaal identiek, maar komen als 
ensembles voor: het ensemble van helemaal ontvouwen eiwitten is daarbij veel groter 
dan dat van ten dele gevouwen eiwitstructuren. Het energielandschap kan verder bestaan 
uit bergen en dalen waardoor een eiwit soms snel en soms langzaam zal vouwen. 
Een heel scala aan biofysische technieken kan worden gebruikt om eiwitvouwing te 
bestuderen, zoals bijv. circulair dichroisme spectroscopie, absorptie-, fluorescentie-, 
massa- en kernspinresonantie-spectroscopie (hierna NMR-spectroscopie genoemd 
vanwege de Engelse term: Nuclear Magnetic Resonance). NMR-spectroscopie is een 
van de weinige technieken waarbij zeer gedetailleerde structuur- en stabiliteitsinformatie 
over afzonderlijke atomen in eiwitten kan worden verkregen. Het eiwitvouwings-
onderzoek beschreven in dit proefschrift is dan ook uitgevoerd met behulp van deze 
techniek. 
Flavodoxines 
Het in dit proefschrift beschreven onderzoek is uitgevoerd met het doel een steentje 
bij te dragen aan het oplossen van het eiwitvouwingsprobleem. Het onderzoek werd 
verricht aan het eiwit flavodoxine II (179 aminozuurresiduen) uit de bacterie 
Azotobacter vinelandii. Flavodoxines hebben een drie-dimensionale structuur die bestaat 
uit een zogenoemde p-sheet die aan beide kanten wordt omgeven door a-helices (Fig. 
3). Flavodoxines zijn elektronenoverdragende eiwitten en bevatten een niet-covalent 
gebonden cofactor FMN, een geelgekleurde chemische groep, die elektronen kan 
opnemen en afstaan. 
Een centrale p-sheet die omgeven is door vijf a-helices (Fig. 3) wordt ook wel de 
flavodoxine-achtige topologie genoemd. Het blijkt dat er negen families zijn van 
eiwitten met totaal verschillende aminozuurvolgordes die wel allemaal dezelfde 
flavodoxine-achtige topologie hebben. Studies aan eiwitten uit deze families die qua 
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drie-dimensionale structuur erg op elkaar lijken, maar die qua aminozuurvolgorde van 
elkaar verschillen, zijn bij uitstek geschikt om aspecten die betrekking hebben op het 
eiwitvouwingsprobleem (zie hierboven) te onderzoeken. 
Fig. 3. Schematische tekening van A. vinelandii flavodoxine II in twee orientaties die 90 graden ten 
opzichte van elkaar verschillen: de centrale P-sheet bestaande uit vijf strengen (weergegeven met pijlen) 
wordt aan twee kanten omgeven door a-helices. De atomen van de cofactor FMN zijn weergegeven met 
bolletjes en de bindingen zijn getekend als stokjes. 
Conclusies 
Dit proefschrift beschrijft de bepaling van de structuur en stabiliteit van A. vinelandii 
C69A flavodoxine II (hierna: flavodoxine) zowel met als zonder de cofactor FMN. De 
techniek NMR-spectroscopie werd hiervoor gebruikt. De resultaten verkregen voor dit 
flavodoxine worden vergeleken met die van andere flavodoxines en met die van de 
eiwitten Che Y en cutinase. Che Y en cutinase hebben wel de flavodoxine-achtige 
topologie maar ze hebben totaal andere functies en aminozuurvolgordes dan 
flavodoxines. Flavodoxines binden de cofactor FMN zodat ze elektronen kunnen 
overdragen, Che Y is een eiwit dat betrokken is bij signaaloverdracht en cutinase is een 
enzym dat vetachtige verbindingen kan afbreken. Het blijkt dat de plaats van het meest 
stabiele deel van de flavodoxinestructuur verschilt van die in de structuren van de 
eiwitten Che Y en cutinase. 
Door bijvoorbeeld de temperatuur geleidelijk te verhogen, of door stapsgewijs meer 
van een denaturerende (ontvouwende) stof toe te voegen kan eiwitontvouwing plaats-
—> Fig. 4. Schema van de evenwichts(ont)vouwing van flavodoxine. Rigide delen van de eiwitstructuren 




vinden onder evenwichtscondities. Het onderzoek ter bepaling van de structuur en 
stabiliteit van flavodoxine (dit proefschrift) in combinatie met vouwingsstudies aan 
flavodoxine (van Mierlo et al., submitted; in prep.) geven het volgende beeld van de 
vouwing van flavodoxine onder evenwichtssituaties (Fig. 4). Het holoflavodoxine, dat 
de cofactor FMN bindt en dus functioneert als elektronentransporteiwit, is zeer stabiel 
en rigide. Dit holoflavodoxine is altijd in evenwicht met een kleine hoeveelheid 
apoflavodoxine, dat is flavodoxine zonder de cofactor FMN. Het gebied van het eiwit 
dat normaal gesproken de cofactor FMN bindt is flexibel als de cofactor is verdwenen, 
maar de rest van het apoflavodoxine is nog wel stabiel en geordend. Ontvouwing van 
flavodoxine onder evenwichtscondities vindt plaats via een relatief stabiele 
vouwingsintermediair. De drie-dimensionale structuur van deze vouwingsintermediair is 
niet meer zo rigide, maar bestaat nog wel uit een (gedeelte van de) p-sheet met enkele 
oc-helices er omheen. Vermoedelijk is er in de ontvouwen toestand van flavodoxine toch 
nog een klein stukje oc-helix aanwezig. 
Het werk zoals beschreven in dit proefschrift heeft een belangrijke bijdrage geleverd 
aan de opheldering van de evenwichts(ont)vouwing van het eiwit flavodoxine. Verder is 
de basis gelegd om in de toekomst met behulp van de techniek NMR-spectroscopie de 
vouwing van flavodoxine in de tijd te kunnen volgen. Aangezien de flavodoxine-achtige 
topologie voorkomt in veel eiwitfamilies kunnen de vouwingsstudies aan flavodoxine 
worden vergeleken met die aan andere eiwitten die totaal andere functies en 
aminozuurvolgordes hebben. Dit onderzoek zal bijdragen aan de uiteindelijke oplossing 
van het eiwitvouwingsprobleem. 
Samenvatting van de hoofdstukken 
Een algemene introductie over eiwitvouwing, de techniek NMR-spectroscopie en 
flavodoxines wordt gegeven in Hoofdstuk 1. 
Cys69Ala en Cys69Ser mutanten van A. vinelandii flavodoxine waren gemaakt ter 
voorkoming van intermoleculaire dimerisatie van eiwitmoleculen tijdens structuur- en 
vouwingsstudies. De pH-afhankelijke redoxpotentialen van wild-type, Cys69Ala en 
Cys69Ser flavodoxine zijn bepaald met behulp van cyclische voltammetrie en zijn 
gecontroleerd door EPR-metingen van redoxtitrades. Er worden geen verschillen in 
redoxeigenschappen van wild-type, Cys69Ala en Cys69Ser flavodoxine geobserveerd. 
De elektrochemische data in Hoofdstuk 2 laten zien dat de dielektrische eigenschappen 
en de structuur van flavodoxine vrijwel niet veranderen wanneer het aminozuur cysteine 
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op plaats 69 (Cys69), dat zich in de buurt van de cofactor FMN bevindt, wordt 
vervangen door een ander aminozuur (alanine of serine). 
In Hoofdstuk 3 wordt een nieuw drie-dimensionaal NMR-experiment, het 3D ^H-^N 
TOCSY-HSQC experiment, beschreven dat een verhoogde gevoeligheid heeft ten 
opzichte van bestaande experimenten. Het nieuwe NMR-experiment wordt geanalyseerd 
volgens het product operator formalisme. De signaal/ruis verhouding van het 
gevoeligheidsverhoogde experiment t.o.v. een bestaand experiment is 2.49 (1.89) voor 
resultaten verkregen met een 15N-verrijkt (15N-/13C-verrijkt) flavodoxinemonster. 
De bepaling van de secondaire structuur van FMN-bevattend flavodoxine 
(holoflavodoxin) in oplossing wordt beschreven in Hoofdstuk 4. Een P-sheet die bestaat 
uit vijf strengen (volgorde: P2-pl-P3-p4-p5) wordt omgeven door vijf a-helices. 
Waterstof/deuterium-uitwisselingsexperimenten suggereren dat (i) de uitwisseling van 
amideprotonen in de kern van flavodoxine alleen maar mogelijk is als de cofactor FMN 
niet gebonden is en dat (ii) uitwisseling van het N(3)H-proton van de cofactor FMN 
alleen plaatsvindt als deze cofactor vrij in oplossing is. De ontoegankelijkheid voor 
water van het gebied rond N(3) in de cofactor zorgt waarschijnlijk ten dele voor de lage 
redoxpotentiaal van flavodoxine. De amideproton-uitwisselingssnelheden laten niet zien 
dat flavodoxine verdeeld is in twee subdomeinen zoals dat is gevonden voor het eiwit 
Che Y dat eenzelfde structuur heeft maar een heel andere aminozuurvolgorde. De 
amideprotonen van 65 residuen wisselen langzaam uit en kunnen daardoor worden 
gebruikt in toekomstige NMR-experimenten om flavodoxinevouwing in de tijd te 
volgen. 
De structuureigenschappen van apoflavodoxine, flavodoxine zonder de cofactor 
FMN, zoals bepaald met NMR-spectroscopie, worden gepresenteerd in Hoofdstuk 5. 
Apoflavodoxine heeft een stabiele, geordende kern die bestaat uit een p-sheet omgeven 
door vijf a-helices. Grote delen van flavodoxinemoleculen met en zonder cofactor FMN 
hebben een identieke conformatie en vertonen hetzelfde dynamische gedrag. Echter, het 
FMN-bindende gebied ondergaat zonder de cofactor FMN dynamische structuur-
veranderingen en is flexibel. Waarschijnlijk is deze flexibiliteit een voorwaarde om de 
cofactor FMN te kunnen binden aan het eiwit flavodoxine. Waterstof/deuterium-
uitwisselingsexperimenten tonen aan dat de stabiele kern van apoflavodoxine ligt in het 
eindstandige gedeelte van het eiwit. Wij veronderstellen dat dit een algemeen kenmerk 
van alle flavodoxines is. In contrast hiermee staan de waarnemingen dat de stabiele 
kemen van de eiwitten cutinase en Che Y, die dezelfde flavodoxine-achtige topologie 
hebben, zich niet bevinden in het eindstandige gedeelte van deze eiwitten. De 
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amideproton-uitwisselingsresultaten laten dus zien dat de stabiele kern kan voorkomen 
in verschillende gedeeltes van de flavodoxine-achtige topologie. 
In Hoofdstuk 6 worden de resultaten van het onderzoek zoals beschreven in dit 
proefschrift gecombineerd met vouwingsstudies aan flavodoxine. Het daaruit 
voortvloeiende beeld van de evenwichts(ont)vouwing van flavodoxine wordt geschetst 
(zie Fig. 4): (i) holoflavodoxine dat de cofactor FMN gebonden heeft is een rigide eiwit 
dat bestaat uit een centrale p-sheet die omgeven is door vijf cc-helices; (ii) het gebied 
van het eiwit dat normaal gesproken de cofactor FMN bindt is flexibel als de cofactor is 
verdwenen, maar de rest van het apoflavodoxine is nog wel stabiel en geordend; (iii) 
ontvouwing vindt plaats via een relatief stabiele vouwingsintermediair waarvan de drie-
dimensionale structuur niet meer zo rigide is maar die nog wel bestaat nog uit een 
(gedeelte van de) p-sheet met enkele a-helices er omheen; (iv) vermoedelijk is er in de 
ontvouwen toestand van flavodoxine toch nog een klein stukje a-helix aanwezig. Voorts 
worden de implicaties voor de tijdsafhankelijke vouwing van flavodoxine besproken. 
Nawoord 
"Afgestudeerd maar nog niet uitgeleerd", zo begon ik aan mijn aio-baan. En het 
klopt, ik heb de afgelopen jaren veel geleerd: van anderen, met anderen, over anderen, 
over mezelf en over de wetenschap natuurlijk! Het was dan ook een boeiende tijd. 
Carlo, als co-promotor was jij mijn directe begeleider en de afgelopen jaren hebben 
we zeer intensief met elkaar opgetrokken. Het was in het begin even wennen, maar ik 
denk dat ik kan zeggen dat we elkaar hebben leren kennen en waarderen. Ik wil je 
hartelijk bedanken voor alles wat je me hebt geleerd, voor de talloze stimulerende 
discussies over flavodoxines, nmr, eiwitvouwing en nog veel meer en ook voor je 
eerlijkheid. Helaas heb ik namelijk geconstateerd dat niet iedereen deze laatste 
eigenschap bezit. 
Prof. Colja Laane en Prof. C.W. Hilbers, u bent met name bij de eindfase van mijn 
onderzoek betrokken geweest. Ik vond het erg prettig om met u over het onderzoek van 
gedachten te wisselen. Bedankt voor het nakijken van de artikelen en van het 
proefschrift. 
Fijn dat er kamergenoten zijn: ik heb het lief en leed van aio-zijn eerst met Axel en 
daarna met Marco kunnen delen. Marco, je was dagelijks een grote steun. 
Bij de praktische eiwitkant van het onderzoek was de hulp van Willem en alle 
bewoners van lab 5-6 onmisbaar; onze labbesprekingen hebben beslist mijn eiwit- en 
enzymkennis vergroot; zonder Walter en Willy was er geen eiwit(mutant) geweest; 
Dirk, Yvonne, Fred en de rest van lab 1-2 hebben me ingewijd in de geheimen van de 
electrochemie; de andere kijk van Adrie met zijn oscilloscoop op de nmr-spectrometer 
en op onze pulsprogramma's (en andere zaken) was altijd erg verhelderend en 
verfrissend; de bijeenkomsten van ons nmr-clubje waren bijzonder interessant; zonder 
Sjaak hadden de Felix-macros het nooit gedaan; computers werkten alleen maar dankzij 
Frank en Adrie; gelukkig stond Laura altijd met raad en daad klaar; bedankt allemaal. 
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Door de samenwerking met Sybren Wijmenga (die uiterst plezierig was) en door het 
volgen van de NMR-cursussen bij de Bijvoet-NSR Research Alliance is mijn begrip van 
de NMR-theorie sterk toegenomen. Dank aan al mijn leermeesters op dit gebied. 
Ik vond het erg leuk om met de studenten Melanie, Yves en Jos samen te werken 
binnen ons onderzoek. Ik heb er veel van geleerd. 
Verder was het altijd heel gezellig om dinsdags met zijn alien eerst pannekoeken en 
later pannenkoeken te gaan eten; om aio-besprekingen en -etentjes te houden en op aio-
weekend te gaan; om oude en nieuwe bekenden in Lunteren te zien en te spreken. 
Vrienden en familie maken het leven pas in alle opzichten interessant. Dankjewel dat 
jullie er waren om mee te kletsen en te mailen, om bij te eten, om leuke dingen mee te 
doen, oftewel: dankjewel dat jullie er gewoon zijn. Mijn huisgenoten in de loop der 
jaren nog erg bedankt voor alle gezelligheid thuis. 
Mama, papa en Geert: elkien wordt aaid bedankt in de taol waorin je met ze praot, 
maor der bint ja hiel gien woorden waor ik jullie met kan bedanken. 
En Jos, datzelfde geldt ook helemaal voor jou. Ik kijk uit naar al onze volgende 
avonturen. 
Kortom: gepromoveerd maar gelukkig nog lang niet uitgeleerd! 
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